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Supplementary Methods 33 

Constructing intrinsic relationship model 34 

In this paper, an energy ratio (γv) is introduced and the intrinsic relationship expression 35 

can be written as: 36 

 u v vE E=  (S1) 37 

It can be found that the parameter γv is the bridge between ultrasonic energy field 38 

and vibration energy field. The energy ratio γv can be defined as: 39 
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Among them, the Euc denotes a certain ultrasonic energy field; Evc is the largest vibration 41 

energy field that Euc can suppress. Therefore, the characterization of Eu and calculation 42 

of γv are the key to construct the relationship model. 43 

1.Characterizing ultrasonic energy field 44 

During a quarter of a cycle of ultrasonic energy wave, the product of work (done 45 

by the ultrasonic generator) and the energy conversion efficiency of ultrasonic 46 

machining system is the kinetic energy of ultrasonic energy field. According to the 47 

energy conservation law, the ultrasonic field energy (Eu) can be expressed as: 48 
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Where the VL and VT are the longitudinal and torsional vibration velocity of ultrasonic 50 

vibration, respectively. The Me is the effective mass of tool. T is the ultrasonic vibration 51 

period. The energy conversion efficiency (ηu) of ultrasonic machining system can be 52 

calculated by the ratio of actual result to theoretical design value: 53 
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Where the d represents the theoretical design values of ultrasonic machining system 55 

parameters. In this study, the value of ηu is 50.65%. 56 

Since the value of Me is difficult to determine, the ultrasonic field energy can be 57 

characterized by the power Pel. Thus, the relationship model of ultrasonic field energy 58 

and vibration field energy can be further expressed as 59 
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A simplification of Eq. (S5) can be expressed as the Eq. (5). Among them, the 61 

correlation coefficient kv in Eq. (5) can be written as: 62 
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It can be found that the kv is related to energy conversion efficiency of ultrasonic 64 

machining system (ηu) and vibration suppression capability of ultrasonic energy field 65 

(γv). The γv is affected by the distribution law of external excitation field itself. The 66 

effect of ultrasonic energy field on vibration suppression is not the same under different 67 

excitation fields (or cutting energy fields) such as milling, drilling, grinding and boring. 68 

Since the ηu has been determined, taking the milling as example, it is necessary to 69 

provide a method for calculating the energy ratio γv. 70 

2.Calculating energy ratio 71 

The energy ratio γv showing the vibration suppression ability of ultrasonic energy 72 

field can be calculated by the Eq. (S2). Among them, the Euc has been achieved based 73 

on Eq. (S3). Next, a method is proposed to calculate the Evc under the effect of 74 

ultrasonic energy field (Euc). During stability analysis, the machining system is usually 75 

equivalent to a mass-spring-damping system1. According to mechanism analysis, the 76 

vibration energy is maintained in a steady state after the transition phase. Thus, for 77 

RUMC-LT, the Eq. (3) can be further expressed as: 78 
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Where mRMS,u and mCMS,u denote the modal mass of RMS and CMS, respectively. PRMS,u 80 

and PCMS,u are natural frequency of machining system; In the case of robotic milling 81 

rigid components, ERCM is only determined by the robotic chatter energy; me and ne 82 

represents the number of modes in which chatter occurs. It’s worth noting that the 83 

instability process of robot and component is from single mode to multiple modes with 84 

the increasing of self-excited vibration energy as shown in Fig. 3. Thereby, the me and 85 

ne should be all the modes with chatter while the stable modes are excluded. 86 

As presented in Fig. 5a, stability boundary curve is a common method to study the 87 

vibration characteristic of machining system. For RUMC-LT, the processing parameter 88 

on this boundary curve represents the maximum of stability cutting depth on the basis 89 

of a given ultrasonic energy field (Euc). The machining system occurs vibration 90 

phenomenon when the machining parameters are above this curve. The critical cutting 91 

depth means the limit of ultrasonic energy field to suppress vibration. Under this critical 92 

parameter, the RUMC-LT system is bound to vibrate when the ultrasonic energy field 93 

value is zero. At this time, the vibration energy of machining system is the maximum 94 

value that ultrasonic energy field can suppress. It is called Evc. Thus, the calculation 95 

process of γv includes the following four steps: 96 

(1) According to the mechanism analysis, the RUMC-LT stability boundary curve 97 

can be drawn with a certain ultrasonic energy field (Euc).  98 

(2) Let the ultrasonic field energy be zero. By the machining parameters on 99 

boundary curve, the vibration amplitude (QRMS and QCMS) of machining system is 100 

calculated based on vibration energy accumulation effect. 101 



(3) The value of Evc is obtained by taking the vibration amplitudes into Eq. (S7). 102 

(4) The value of γv can be calculated by Eq. (S2) based on the Evc and Euc. 103 

It can be found that the vibration energy field (Evc) is the key to determining the 104 

parameter γv. Its accuracy is related to RUMC-LT stability boundary curve. The 105 

calculation value of γv is 0.00042 based on the point 6 in Fig. 5a. 106 

Based on the experimental platform described in main text, the measurement 107 

expression of kv (or γv) value can be written as: 108 
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Where Ev(u=0) represents the vibration energy of machining system without ultrasonic 111 

energy field; Ev(u) is the vibration energy of machining system under the effect of 112 

ultrasonic energy field (Eu). Their values are obtained by the Eq. (S7) on the basis of 113 

robotic milling signals. Moreover, the accuracy of kv (kv=0.0033) can be expressed as: 114 
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Where the parameter N is the experiment groups (or sample size). Finally, the 116 

experimental results of accuracy are presented in Fig. 5e with the N from 1 to 100.  117 

Stability boundary curve and energy accumulation effect 118 

1. RUMC-LT dynamic behavior 119 

In this paper, the stability curve is investigated to verify the previous inhibition 120 

mechanism and construct relationship model of energy fields. According to the 121 

previous mechanism analysis about energy fields coupling, with the increasing of 122 

cutting depth, RUMC-LT instability process includes three stages:   123 

(1) Stage one: RMS and CMS are both stable. In this stage, the cutting depth of 124 

RUMC-LT is small. The input energy under the action of energy fields coupling can be 125 

completely consumed by damping. Thus, the dynamic expression can be written as: 126 

 +f f f p f f fM Q C C Q K Q dF       + + =        (f=RMS, CMS) (S11) 127 

Where the process damping (Cp) can be calculated according to the study of Ahmadi 128 

and Altintas2. The Eq. (S11) denotes the dynamic equation of RMS when the f is R. 129 

Otherwise, it is the dynamic expression of CMS. In stage one, the RMS and CMS could 130 

be viewed as independent of each other since they are both stable. The critical instability 131 

curve corresponding to this stage is named RCsc. It means that RMS or CMS occurs 132 

vibration when cutting depth parameter is above this curve. 133 

(2) Stage two: Single machining system (RMS or CMS) occurs instability. As the 134 

growth of cutting depth exceeds the curve RCsc, it makes energy generation rate exceed 135 

consumption rate. At this time, one of the RMS and CMS appears chatter due to the 136 



difference in their dynamics. In this condition, for RMCS with RMS and CMS, the 137 

following definitions are made as: 138 
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Then, RUMC-LT dynamic can be expressed as: 140 

 ( ) ( ) ( ) ( ) ( )+ / /f f f p f f f fM Q t C C Q t K Q t dF t f R C or C R + + = =  (S13) 141 

In stage two, the self-excited vibration energy of single system begins to 142 

accumulate. When the energy generation rate is equal to dissipation rate, the vibration 143 

energy is maintained in a constant state. At this time, its vibration amplitude and 144 

frequency can be applied for calculating the Eq. (S7). 145 

(3) Stage three: RMS and CMS are both unstable. As the cutting depth continues 146 

to increase, both the RMS and CMS occur vibration phenomenon above the curve RcWc 147 

in Fig. 5a. In this case, the dynamic expressions can be displayed as: 148 

 ( ) ( ) ( ) ( ) ( )+f f f p f f f fM Q t C C Q t K Q t dF t f RMS and CMS + + = =  (S14) 149 

The vibration vector Qf(t) can be calculated by the modal displacement vector Γf(t): 150 

 ( ) ( )f f fQ t U t=   (S15) 151 

Among them, Uf is the mass normalized mode shape matrix. The following 152 

expression can be written as: 153 
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Then, the dynamic equation could be expressed as: 156 

 ( ) ( ) ( ) ( ) ( )22 + T

f f p f f f f f ft t t U dF t     +  +  =
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Where the ζf is the modal damping ratio, and the 2ζfωf can be obtained by the Rayleigh 158 

damping theory3 as: 159 

 ( ) 22 +f p f f f f fI     =  +   (S19) 160 

Due to the energy fields coupling of RMS and CMS, the energy accumulation rate 161 

grows as the cutting depth continues to increase in stage three. When the energy 162 

generation rate is equal to dissipation rate, the vibrational energy is maintained in a 163 

constant state. At this time, its vibration amplitude and frequency can be applied for 164 

calculating the Eq. (S7). 165 

2.Cutting energy field under the action of Eu  166 

Based on the mechanism analysis, the addition of ultrasonic field energy changes 167 

direction and frequency of cutting energy field. Then, the magnitude of cutting energy 168 



field is reduced. As a result, the dynamic milling force (dFf) which denotes the 169 

important input parameter of dynamic expression is also decreased. On the one hand, 170 

for the direction variation of cutting energy field, its effect on dFf can be calculated by 171 

introducing the ultrasonic function angles. On the other hand, the increasing of contact 172 

frequency between tool and workpiece which weakens the cutting energy field could 173 

be characterized by the separation characteristic of ultrasonic energy field. In this study, 174 

the ultrasonic energy field possesses separation effect when the spindle speed range is 175 

from 2000r/min to 3200r/min (Fig. 5a). According to the study of Ding et al.4 and 176 

Insperger et al.5, the stability boundary curve and vibration energy can be achieved as 177 

presented in Fig. 5a. The specific calculation process is presented as follow: 178 

As presented in Supplementary Fig. S1, with the increasing of cutting depth, the 179 

instability process of RUMC-LT includes three stages: RMS and CMS are both stable, 180 

the machining chatter occurs in RMS or CMS, both RMS and CMS are unstable.  181 

2.1Stage one: RMS and CMS are both stable 182 

The dynamic chip thickness (dhf) under the effect of ultrasonic field energy could be 183 

expressed as6: 184 

 ( ), , ,sin cos sin cos sinf f x j f y j f zdh Q Q Q     =  +   −  
   (S20) 185 

Among them, Qf,x, Qf,y and Qf,z represent the dynamic displacement along the three 186 

coordinate directions of RMS and CMS; j is the rotation angle of tooth j;  and  are 187 

the ultrasonic function angles6. 188 

The dynamic milling forces (dFf) of RUMC-LT can be written as: 189 
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 (S21) 190 

Where  denotes the type of ultrasonic milling6. The RUMC-LT is separated when the 191 

value of  is less than one. Otherwise, it is unseparated. A is the amplitude of 192 

longitudinal ultrasonic vibration. C(t) and D(t) are coefficient matrixes under the effect 193 

of ultrasonic field energy6.  194 

Based on the dynamic equation in Eq. (S11) and combined with second-order full-195 

discretization method (FDM)4, the stability lobe diagrams (SLDs) could be achieved by 196 

the single mode. According to the Floquet theory, the corresponding chatter frequency 197 

(p) could be calculated with the characteristic multiplier μ(a,b) as5: 198 
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Among them, the parameter T is the time period of FDM; a represents the spindle speed.  200 

Nevertheless, the robotic milling stability is influenced by multiple modes of the 201 

low stiffness machining system according to the study of Sun et al.7 and Cordes et al8. 202 

In this paper, the matrixes ΦRMS and ΦCMS are the first m-order (or n-order) modes of 203 

RMS and CMS as: 204 



 ,1 ,2 ,RMS RMS RMS RMS m    =    (S23) 205 

 1 2 ,CMS CMS CMS CMS n    =  , ,  (S24) 206 

The initial robotic pose and modes are shown in Supplementary Table S1, 207 

Supplementary Table S2 and Supplementary Table S3. Finally, the stability boundary 208 

curve is presented in Supplementary Fig. S2. 209 

2.2 Stage two: The machining chatter occurs in RMS or CMS 210 

In stage two, one of the RMS and CMS appears machining vibration and the self-211 

excited vibration energy begins to accumulate in single machining system. The 212 

accumulation of self-excited vibration energy and ultrasonic field energy in i-th mode 213 

could be expressed as: 214 
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It is worth noting that QRMS,u and QCMS,u represent the energy value when the vibration 216 

reaches a constant state. At this time, the vibration keeps unchanging. According to the 217 

Duhamel integral formula, the QR/C,u of k-th self-excited vibration energy in Fig. 1 can 218 

be expressed as: 219 
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Among them, 222 
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Where the R/C and βR/C are the Duhamel integral constant. They can be calculated by 225 

the Rayleigh damping theory3. The Kf,k is the processing stiffness of k-th vibration 226 

which can be obtained by the Eq. (S29). 227 

According to the Eq. (3), the vibration energy accumulation is a coupling process 228 

of dynamic milling force and displacement. It is assumed that the RMS (or CMS) 229 



vibrates k times during the time te, the coupling of force and displacement can be 230 

expressed as: 231 
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   (S29) 236 

Among them, the χ(j) can be expressed as χ(j)=bC(t)+AD(t); Ne is the cutting teeth 237 

number; dFR/C,u(a,b,0) and QR/C,u(a,b,0) is the initial value determined by the χ(j). The 238 

Ce(t) and De(t) are the energy accumulation coefficient matrixes under the effect of 239 

ultrasonic field energy6. It could be expressed as: 240 
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Among them, De(t)= sin(2πfvat)Ce(t). fva is the ultrasonic vibration frequency along the 242 

axial direction. The nine elements in matrix Ce(t) could be written as: 243 
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Where g(j) represents the cutting state7. The cutter tooth is involved in cutting when 253 

its value is one. Otherwise, the teeth will not cut the workpiece; q is the exponent 254 

constant; hs denotes the static chip thickness6; The parameters (Kr, Kt, and Ka) are the 255 

milling force coefficients; s=sin (j), c=cos (j), s1=sin (), c1=cos (), s2=sin () and 256 

c2=cos ().Based on the above analysis, the vibration energy of single system is 257 

obtained by Eq. (25).  258 

In stage two, R/C vibration is bound to accelerate energy accumulation in C/R. As 259 

the depth of cut continues to increase, both the RMS and CMS are unstable. Thus, the 260 

critical curve (RcCc) between stage two and stage three should be determined. It may 261 

assume that the dynamic displacements along three coordinate directions are QC/R,x, 262 

QC/R,y and QC/R,z when the C/R starts to vibrate. The dynamic milling force could be 263 

displayed as: 264 
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The dynamic milling force of R/C system can be expressed as: 266 
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Meantime, the dFC/R and dFR/c are the relationship of acting force and reaction 269 

force as: 270 
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Substituting the Eq. (S32), Eq. (S33) and Eq. (S34) into Eq. (S31), the dFC/R can 272 

be written as: 273 
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Among them, the KR/C,X, KR/C,Y and KR/C,Z are the process stiffness of R/C system 276 

in the three coordinate directions. They could be obtained by the Eq. (S26) and (S29). 277 

Finally, the second order FDM4 servers as the analysis method of curve RcWc based on 278 

the Eq. (S13) and (S35). Finally, the RcWc is shown in Supplementary Fig. S3.  279 

2.3 Stage three: Both RMS and CMS are unstable 280 

The RMS and CMS are both instability when the cutting depth is above critical 281 

curve RcWc. Then, the self-excited vibration energy begins to accumulate quickly as 282 

shown in Supplementary Fig. S4. During RUMC-LT, the dFRMS(t) and dFCMS(t) are with 283 

the same magnitude but in opposite directions. According to the Eq. (S14), its dynamic 284 

expressions can be further written as: 285 

 ( ) ( ) ( ) ( ) ( )22 + T

RMS RMS p RMS RMS RMS RMS RMS RMSt t t U dF t    +  +  = (S37) 286 

 ( ) ( ) ( ) ( ) ( )22 + T

CMS CMS p CMS CMS CMS CMS CMS CMSt t t U dF t    +  +  = − (S38) 287 

And the mass normalized mode shape for RMS (URMS) and CMS (UCMS) can be 288 

displayed as: 289 

 1,RMS 2,RMS ,RMSRMS mU u u u =    (S39) 290 

 1, 2, ,CMS CMS CMS n CMSU u u u =    (S40) 291 

 m,RMS X, ,RMS , ,RMS , ,RMS

T

m Y m Z mu u u u =    (S41) 292 

 , X,n, , , , ,

T

n CMS CMS Y n CMS Z n CMSu u u u =    (S42) 293 

Meanwhile, the angular frequency and modal damping ratio are written as the 294 

follow matrixes: 295 

 ( )1,RMS 2,RMS ,RMSdiagRMS m m m
   


=  (S43) 296 



 ( )1, 2, ,diagCMS CMS CMS m CMS n n
   


=  (S44) 297 

 ( )1,RMS 2,RMS ,RMSdiagRMS m m m
   


=  (S45) 298 

 ( )1, 2, ,diagCMS CMS CMS m CMS m m
   


=  (S46) 299 

Finally, the coupling dynamic expression of RMS and CMS can be expressed as: 300 

 ( ) ( ) ( ) ( ) ( )2 T

RC RC RC RC RC RC RC RCt t t U dF t   +  +  =  (S47) 301 

Among them,  302 
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
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 305 

 RC RMS CMSU U U= −  306 

Based on above analysis, the dynamic displacement Qf (f=RMS, CMS) can be 307 

calculated by the follow equation: 308 
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Where f and βf are the Duhamel integral constant. They could be calculated by the 311 

Rayleigh damping theory3. The Kf,k is the processing stiffness of k-th vibration which 312 

can be obtained by Eq. (S50). 313 

For the multi-system chatter, its energy accumulation expression could be written 314 

as: 315 

 

e e
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   (S49) 316 



In Eq. (S49), the Qf(t) is related to the dFf(t). The coupling process of force and 317 

displacement could be further expressed as: 318 
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Among them, the dFRMS and KRMS, k are the dynamic milling force and processing 324 

stiffness of robots. The dFCMS and KCMS, k are the dynamic milling force and processing 325 

stiffness of component. According to the value convergence of vibration energy field, 326 

the vibration amplitude can be calculated when RUMC-LT system keeps in stable 327 

vibration state. At this time, the value of dynamic milling forces is closed to constant. 328 

Finally, the chatter stability calculation result is shown in Supplementary Excel 1.  329 

 330 

Supplementary Results 331 

Robotic milling experiment platform 332 

As presented in Supplementary Fig. S5, the RUMC-LT experiments are carried 333 

out to verify the stability boundary curves (Fig. 5a). The height of hollow cylindrical 334 

component with low stiffness has 530mm and the machined surface diameter is 300mm. 335 

Its material is aluminum alloy (Al7075-T7) and the stiffness value is 1.08×10^6 N/m. 336 

The type of industrial robots is KUKA KR500 R2830 MT/FLR. The rotary ultrasonic 337 

machining device is designed by the project team. includes an ultrasonic generator, an 338 

ultrasonic tool shank and a milling cutter. The ultrasonic generator transmits electric 339 

signal firstly. Then, the transducer in ultrasonic tool shank could transform it to high 340 

frequency vibration. Furthermore, this mechanical vibration signal is amplified when it 341 

is transported to the LT amplitude transformer. Finally, under the effect of the oblique 342 

grooves, a LT composite vibration phenomenon appears on the end of the milling cutter. 343 



In this paper, the robotic modal parameters are obtained by standard modal hampering 344 

experiments. Robotic milling plates experiments are applied for determining the milling 345 

force coefficients as shown in Supplementary Table S4. In addition, the acceleration 346 

measurement module and the displacement measurement module are used to record the 347 

acceleration and displacement signals during the machining process. 348 

As shown in Supplementary Fig. S6, the type of industrial robot is KUKA KR210-349 

R2700 EXTRA. The size of rigid plate (Al7075-T7) is 150mm×80mm×5mm. The 350 

CFRP laminate is a two-way interwoven layered structure, the laying direction is 0° 351 

and 90°, and the base material is T300 epoxy resin. The workpiece size is 352 

200mm×150mm×2mm. Meanwhile, the robotic pose and modal parameters are shown 353 

in Supplementary Table. S5 and Supplementary Table. S6. 354 

 355 

Robotic milling experiment results 356 

In this paper, the stability boundary curves and the relationship model accuracy 357 

should be verified by the experimental results. The Point 1-Point 25 of Fig. 5a are 358 

selected for milling parameters. The milling signals of Point 1-Point 20 are presented 359 

in Supplementary Fig. S7 to Supplementary Fig. S26 while the Point 21-Point 25 are 360 

illustrated in Fig. 5b. Finally, the experimental results are in good agreement with the 361 

theoretical calculation results. 362 

In addition, the calculation principle of relationship model accuracy is shown in 363 

Main Text. The 100 groups experimental data is presented in Supplementary Excel 2. 364 

  365 



 366 

Supplementary Fig. S1. RUMC-LT dynamic. Among them, cr,x, cr,y and cr,z are the 367 

RMS damping; kr,x, kr,y, kr,z are the RMS stiffness; cw,x, cw,y and cw,z are the CMS 368 

damping; kw,x, kw,y, kw,z are the CMS stiffness; Fw,r and Fr,w are the interaction forces 369 

between RMS and CMS. The robotic type is KUKA KR500 R2830 MT/FLR. The 370 

component is the height of hollow cylindrical component with low stiffness, which has 371 

530mm and the machined surface diameter is 300mm. Its material is aluminum alloy 372 

(Al7075-T7). 373 

  374 



 375 
Supplementary Fig. S2. Stability analysis results in stage one. Under the curve RWsc, 376 

the machining parameters are stable. Otherwise, they are unstable. milling parameters: 377 

down milling, feed in X direction and feed rate is 60mm/min, 50% radial immersion of 378 

cutter. Ultrasonic vibration frequency is 30000Hz. The longitudinal and torsional 379 

amplitudes are the 8.0μm and 5.3μm, respectively. 380 

  381 



 382 
Supplementary Fig. S3. Stability analysis results in stage two. Above the curve RcWc, 383 

both the RMS and CMS are unstable. Milling parameters: down milling, feed in X 384 

direction and feed rate is 60mm/min, 50% radial immersion of cutter. Ultrasonic 385 

vibration frequency is 30000Hz. The longitudinal and torsional amplitudes are the 386 

8.0μm and 5.3μm, respectively. 387 
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 389 

Supplementary Fig. S4. Vibration energy fields coupling between low stiffness 390 

systems at same frequency and phase. C1 to Cm are robotic modes and PC1 to PCm 391 

shows corresponding modal frequency. In addition, ξC1 to ξCm are component damping 392 

ratios. R1 to Rm are robotic modes and PR1 to PRm shows corresponding modal frequency. 393 

In addition, ξR1 to ξRm are robotic damping ratios.  394 

  395 



 396 

Supplementary Fig. S5. RUMC-LT experimental site.  397 

  398 



 399 

Supplementary Fig. S6. Robotic milling aluminum alloy plate and CFRP plate. a 400 

Industrial robot. b Amplitude measuring c Edge milling experiments of robot. 401 
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 403 

Supplementary Fig. S7. RUMC-LT acceleration signals in point 1 of Fig. 5a. a X 404 

represents feed direction. b Y means perpendicular to the feed direction. c Z is along 405 

the axial direction of milling tool. 406 

  407 



 408 
Supplementary Fig. S8. RUMC-LT acceleration signals in point 2 of Fig. 5a. a X 409 

represents feed direction. b Y means perpendicular to the feed direction. c Z is along 410 

the axial direction of milling tool. 411 

  412 



 413 
Supplementary Fig. S9. RUMC-LT acceleration signals in point 3 of Fig. 5a. a X 414 

represents feed direction. b Y means perpendicular to the feed direction. c Z is along 415 

the axial direction of milling tool. 416 

  417 



 418 

Supplementary Fig. S10. RUMC-LT acceleration signals in point 4 of Fig. 5a. a X 419 

represents feed direction. b Y means perpendicular to the feed direction. c Z is along 420 

the axial direction of milling tool. 421 
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 423 

Supplementary Fig. S11. RUMC-LT acceleration signals in point 5 of Fig. 5a. a X 424 

represents feed direction. b Y means perpendicular to the feed direction. c Z is along 425 

the axial direction of milling tool. 426 

  427 



 428 

Supplementary Fig. S12. RUMC-LT acceleration signals in point 6 of Fig. 5a. a X 429 

represents feed direction. b Y means perpendicular to the feed direction. c Z is along 430 

the axial direction of milling tool. 431 
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 433 
Supplementary Fig. S13. RUMC-LT acceleration signals in point 7 of Fig. 5a. a X 434 

represents the feed direction. b Y means perpendicular to the feed direction. c Z is along 435 

the axial direction of milling tool. 436 
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 438 

Supplementary Fig. S14. RUMC-LT acceleration signals in point 8 of Fig. 5a. a X 439 

represents feed direction. b Y means perpendicular to the feed direction. c Z is along 440 

the axial direction of milling tool. 441 

  442 



 443 

Supplementary Fig. S15. RUMC-LT acceleration signals in point 9 of Fig. 5a. a X 444 

represents feed direction. b Y means perpendicular to the feed direction. c Z is along 445 

the axial direction of milling tool. 446 

  447 



 448 

Supplementary Fig. S16. RUMC-LT acceleration signals in point 10 of Fig. 5a. a 449 

X represents feed direction. b Y means perpendicular to the feed direction. C Z is along 450 

the axial direction of milling tool. 451 
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 453 

Supplementary Fig. S17. RUMC-LT acceleration signals in point 11 of Fig. 5a. a 454 

X represents feed direction. b Y means perpendicular to the feed direction. c Z is along 455 

the axial direction of milling tool. 456 
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 458 

Supplementary Fig. S18. RUMC-LT acceleration signals in point 12 of Fig. 5a. a 459 

X represents feed direction. b Y means perpendicular to the feed direction. c Z is along 460 

the axial direction of milling tool. 461 

  462 



 463 

Supplementary Fig. S19. RUMC-LT acceleration signals in point 13 of Fig. 5a. a 464 

X represents feed direction. b Y means perpendicular to the feed direction. c Z is along 465 

the axial direction of milling tool. 466 
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 468 

Supplementary Fig. S20. RUMC-LT acceleration signals in point 14 of Fig. 5a. a 469 

X represents feed direction. b Y means perpendicular to the feed direction. c Z is along 470 

the axial direction of milling tool. 471 
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 473 

Supplementary Fig. S21. RUMC-LT acceleration signals in point 15 of Fig. 5a. a 474 

X represents feed direction. b Y means perpendicular to the feed direction. c Z is along 475 

the axial direction of milling tool. 476 

  477 



 478 

Supplementary Fig. S22. RUMC-LT acceleration signals in point 16 of Fig. 5a. a 479 

X represents feed direction. b Y means perpendicular to the feed direction. c Z is along 480 

the axial direction of milling tool. 481 

  482 



 483 

Supplementary Fig. S23. RUMC-LT acceleration signals in point 17 of Fig. 5a. a 484 

X represents feed direction. b Y means perpendicular to the feed direction. c Z is along 485 

the axial direction of milling tool. 486 

  487 



 488 

Supplementary Fig. S24. RUMC-LT acceleration signals in point 18 of Fig. 5a. a 489 

X represents feed direction. b Y means perpendicular to the feed direction. c Z is along 490 

the axial direction of milling tool. 491 
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 493 

Supplementary Fig. S25. RUMC-LT acceleration signals in point 19 of Fig. 5a. a 494 

X represents feed direction. b Y means perpendicular to the feed direction. c Z is along 495 

the axial direction of milling tool. 496 
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 498 
Supplementary Fig. S26. RUMC-LT acceleration signals in point 20 of Fig. 5a. a 499 

X represents feed direction. b Y means perpendicular to the feed direction. c Z is along 500 

the axial direction of milling tool. 501 
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Supplementary Table S1.  503 

Supplementary Table S1 Initial posture parameters of industrial robot (KUKA KR500). 504 

Joint angle Value(deg) Joint angle Value(deg) 

θ1 6.824 θ4 9.535 

θ2 -69.368 θ5 -45.796 

θ3 114.668 θ6 -6.691 

 505 

  506 



Supplementary Table S2. 507 

Supplementary Table S2 Robotic modes in X/Y/Z directions (KUKA KR500). 508 

Mode 

Natural 

frequency  

pn (Hz) 

Damping 

 Ratio 

 ξ (%) 

Modal  

mass  

m (Kg) 

Mass normalized 

mode shape vector 

(1/Kg0.5)  

R1 68/60 /72 3.53/ 3.78/3.84 150.65/193.50/134.37 0.44/0.53/0.62 

R2 135/217 /227 2.08/2.18 /2.53 38.22/14.79/13.52 0.49/0.58/0.67 

R3 304/ 300/339 2.66/ 2.85/2.60 7.54/7.74/6.06 0.33/0.40/0.56 

R4 538/ 536/540 2.47/1.17 /1.84 2.41/2.43/2.39 0.51/0.64/0.67 

R5 618/728 /715 1.31/ 0.95/0.99 1.82/1.31/1.36 0.31/0.46/0.66 

 509 

  510 



Supplementary Table S3. 511 

Supplementary Table S3 Modes of component system with low stiffness. 512 

Mode 

Natural 

frequency  

pn (Hz) 

Damping 

 Ratio 

 ξ (%) 

Modal  

mass  

m (Kg) 

Mass normalized 

mode shape vector  

(1/Kg0.5)  

C1 136 2.34 1.479 9.49/7.59/2.75 

C2 324 4.82 0.261 5.72/5.56/6.08 

C3 778 3.83 0.045 6.97/6.81/1.22 

 513 
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Supplementary Table S4. 515 

Supplementary Table S4 Values of milling force coefficients. 516 

Coefficient Value Unit 

Kt 848 N/mm 1+q 

Kr 323 N/mm 1+q 

Ka 340 N/mm 1+q 

q 0.776 / 

 517 
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Supplementary Table S5. 519 

Supplementary Table S5 Parameters of robotic posture (KUKA KR210). 520 

Coordinate axis Value(mm) Rotation axis Value(deg) 

X 1777.41 A 165.5 

Y 44.25 B 0 

Z 1547.66 C 180 

 521 
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Supplementary Table S6. 523 

Supplementary Table S6. Robotic modes in three-coordinate directions (KUKA KR210). 524 

Mode fnx/ fny/ fnz (Hz) ξnx/ξny/ξnz (%) mtx/ mty / mtz (kg) 

R1 

R2 

15/18/10 

85/81/90 

1.82/1.59/2.28 

2.01/2.00/2.37 

180.127/125.088/405.285 

5.609/6.177/5.004 

R3 165/185/150 2.5/2.34/1.67 1.489/1.184/1.801 

R4 385/322/452 2.11/2.55/1.90 0.273/0.391/0.198 

R5 720/675/787 2.22/1.96/2.50 0.083/0.089/0.065 

 525 

  526 



Supplementary Excel S1 527 

It presents the original calculation results of Supplementary Fig. S2 and Supplementary 528 

Fig. S3, which includes the spindle speed and axial cutting depth. 529 

 530 

Supplementary Excel S2 531 

It consists of three parts. Firstly, there are 30 groups experimental data about the 532 

RUMC-LT. Secondly, there are 40 groups data which represents the robotic 533 

longitudinal-torsional ultrasonic milling rigid plate (Al7075-T7). Thirdly, there are 30 534 

groups data about robotic longitudinal-torsional ultrasonic milling CFRP. In summary, 535 

the 100 groups data denotes the original experiment result in Fig. 5e.   536 

  537 
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