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Abstract: Aerospace thin-walled parts vibrates during the process of milling due to their 
characteristics of low rigidity, which influences the machining quality of the workpiece. Based on 
the characteristics of magnetorheological fluid excitation solidification, a magnetorheological 
damping fixture is designed to semi-actively suppress the vibration generated during the machining 
process. This paper simplifies the multi-characteristic structure of aerospace thin-walled parts into 
rectangular thin plates. In accordance with Kirchhoff G.’s small deflection bending theory of elastic 
thin-plates and Daramberg’s principle, the differential equations for the transverse vibration of the 
thin-walled parts are established, which aims to obtain the natural frequency as well as vibration 
mode function of the thin-walled parts. In consideration of damping characteristics and the external 
dynamic milling force after the magnetorheological fluid excitation solidification, this paper uses 
the mode superposition method and an improved dynamic response mathematical model of the 
magnetorheological damping fixture thin-walled parts system of the linear multiple degrees of 
freedom, which has different volumes of magnetorheological fluids under forced vibration, was 
established. The maximum error between the predicted and measured values of the fixture-
workpiece system dynamic response of displacement and acceleration is 16.2% and 15.5%, 
respectively. Finally, this paper verifies the feasibility as well as the effectiveness of the model 
through dynamics experiment and milling machining experiment. 
Keywords: thin-walled part, vibration suppression, dynamic response, magnetorheological 
damping fixture, milling 

1 Introduction 

The thin-walled parts, due to the light weight and high strength, is widely used in aerospace. 
However, machining vibration, cutting force heat, and local stiffness reduction cause poor 
machining quality of thin-walled parts. Currently, a great number of studies have been carried out 
on traditional clamping strategies [1-3], but there are few studies on the use of new 
magnetorheological fixtures to clamp thin-walled parts to suppress milling vibration. 

Currently, people have done a great number of studies on the optimization of clamping 
constraints for thin-walled workpieces. The fixture layout optimization is aimed at making the 
deformation or vibration of the fixture smaller and optimizing the positioning layout reasonably. It 
is mainly divided into two categories. One is on the basis of vibration reduction requirements to 
ensure that the layout plan can constrain the freedom of the workpiece and ensure its stability; the 
other one is based on the minimum deformation positioning layout so as to ensure that the 
positioning point is optimized when the positioning is perfect, thereby making the overall plastic 
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deformation decrease. Selvakumar et al. [4] presented an optimal fixture design algorithm based on 
artificial neural network and carried out experimental design. In order to reduce the maximum 
elastic deformation of the workpiece in the process of processing, the layout scheme of the 
workpiece was designed. Armillott et al. [5] judged the correctness of the workpiece position 
through judging whether the rank of the position matrix determinant was equal to the number of 
singular values of the position matrix. Zheng et al. [6] established a fixture mathematical model on 
the basis of shape closure and force closure, who developed an algorithm which could accurately 
select fixture positioning points. Wan et al. [7] optimized the fixture layout on the basis of a novel 
nonlinear programming problem of frequency sensitivity, and maximized the natural frequency of 
the fixture-workpiece system. To sum up, the research on clamping constraints of thin-walled parts 
mainly introduces the finite element methods as well as the intelligent algorithms. The research 
gradually shifts from static modeling to dynamic modeling. However, these work only focus on 
fixture layout optimization, making fixture-workpiece system vibration become smaller. There is 
no research on increasing the system damping to suppress the vibration. 

In terms of fixture-workpiece system dynamics modeling and process stability analysis, Seguy 
et al. [8] combined the finite element method as well as the excitation test. They used the multi-
modal method to establish a thin-walled milling machining model. Meshreki et al. [9] used a semi-
analytical method to study the impact of workpiece wall thickness changes on the dynamics of the 
process system for the processing of panel and frame parts. Li et al. [10] put forward a nonlinear 
dynamics model for milling titanium alloy thin-walled parts in consideration of process damping. 
They designed an anti-vibration clearance angle to suppress chatter based on this model. Zhou et al. 
[11] proposed an optimal selection method of cutting parameters based on single-line toolpath to 
suppress cutting chatter aiming at the issue of toolpath dependent machining vibration in multi-axis 
milling of hollow fan blades. Liu et al. [12] applied the Hermite difference and put forward an 
efficient full-discrete method (HFDM) for dealing with the stability of the milling process. Lv et al. 
[13] put forward a complete discretization method (RKCDM) based on Runge-Kutta. A set of time 
period coefficients and delay differential equations (DDE) were used for describing the delay of 
change to predict the milling stability with the change of spindle speed. Luo et al. [14] optimized 
the machining allowance distribution and material removal order in accordance with the machining 
vibration diagram. Such optimization improved the stability of the machining process and reduced 
the deformation of the workpiece. Wan et al. [15] put forward an assessment method on the impact 
of fixture layout on the dynamic response of the machining process for the milling process of frame-
like thin-walled parts. Zeng et al. [16] established a tool-fixture-workpiece system model for the 
vibration problem during the processing of flexible components, and optimized the layout of the 
fixture design, which could effectively suppress vibration and predict vibration displacement 
response. As for the fact that the existing point contact model can’t accurately describe the dynamic 
behavior of the fixture-complex surface workpiece system any longer, Wang et al. [17] put forward 
a dynamic modeling method based on finite element for fixtures and turbine blades. They also 
predicted deformation and workpiece displacement errors. Meshreki et al. [18] established a fixture-
workpiece system dynamic model on the basis of the power spectrum method for the milling process 
of aerospace thin-walled frame parts so as to describe the interaction as well as dynamic response 
between the workpiece, fixture and cutting force. Dong et al. [19] adopted a virtual spring-damper 
model to describe the contact between the positioning element and the workpiece. They analyzed 
and predicted the static deformation resulted from the clamping force and the dynamic deformation 
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resulted from the milling force on the basis of the finite element method. Rai et al. [20] made use of 
a combination of finite element and mathematical modeling to simulate the offset, elastoplastic 
deformation, cutting stress and instantaneous cutting temperature of complex frame-like structural 
parts during the milling process. The common point of the studies mentioned above is that the fixture 
system belongs to the passive mode, but there has been no research on semi-active vibration 
abatement methods so far. 

The semi-active vibration abatement method can quickly change the stiffness and dynamic 
damping of the system through a small amount of energy input, thereby improving processing 
stability. Yang et al. [21] put forward a thin-walled workpiece vibration abatement device in 
accordance with the principle of electromagnetic induction, which could use the generated damping 
force for suppressing vibration. Pour et al. [22] introduced an integrated mechatronic model for the 
chatter analysis of a machine tool equipped with MR damper, and the stiffness and damping of the 
machine tool are varied semi-actively by means of a magnetorheological (MR) damper to suppress 
chatter. Yang et al. [23] proposed a lightweight damping device with utilizing eddy current damping, 
and it can be easily attached onto the workpiece surface by glue. There is a great amount of 
concentrated force produced by the traditional control structure, but the force produced by 
magnetorheological fluids is relatively uniform. Ma et al. [24, 25] designed magnetorheological 
fixtures and used the lagrangian method to establish a fixture-workpiece system dynamic equation 
in consideration of external damping factors, thereby evaluating the stability of the milling process 
under damping control. Bae et al. [26] developed a magnetically tuned mass damper (mTMD) to 
suppress the vibration of a cantilever panel similar to satellite solar panels. Xin et al. [27] put 
forward a shear valve mode MRF damper for pipeline vibration control. They made use of a linear 
quadratic regulator to study the optimal damping force of the MRF damper, and establishing a 
dynamic model and equation of state for the pipeline. The above research work didn’t take the 
impact of magnetorheological fluid volumes change on the damping characteristics of the fixture-
workpiece system into account and it didn’t simplify the thin-walled parts into a more reasonable 
rectangular thin plate model either. However, the study is the dynamic response of forced vibration 
under magnetorheological damping. 

The organization of this paper is as follows: The second section simplified aerospace thin-
walled parts into rectangular thin plates. In accordance with Kirchhoff G.’s small deflection bending 
theory of elastic thin-plates and Daramberg’s principle and mode superposition principle, the natural 
frequency and main mode of vibration were calculated, and the dynamic response mathematical 
model of the magnetorheological damping fixture thin-walled parts system under forced vibration 
was established so as to evaluate the stability of the fixture-workpiece system. Based on this model, 
the dynamics experiments of aerospace thin-walled parts and the milling experiments of annular 
thin-walled parts were designed. The third section discussed and analyzed the experimental results 
and the machining quality so as to verify the feasibility and effectiveness of the model. The fourth 
section drew a conclusion of the full paper. 

2. Methodology 

This paper has developed a magnetorheological damping fixture. Under the action of a 
magnetic field, the ferromagnetic particles of the magnetorheological fluid in the fixture are rapidly 
magnetized along the direction of the magnetic field, which gather to form a magnetic chain 
structure and adhere closely to the surface of the workpiece. As shown in Fig. 1. It is solidified by 
Newtonian fluid into a solid state. Magnetorheological fluid can be used to fill a variety of irregular 



4 

 

thin-walled parts. It can play the part of multi-point auxiliary support. Besides, the 
magnetorheological fluid solidifies and generates shear stress to clamp thin-walled parts. When 
milling on a machine tool, it provides a damping force to offset the milling force, which can increase 
the rigidity of the workpiece and suppress the machining vibration. When the magnetic field 
disappears, the magnetorheological fluid is inverted into a liquid, and the clamping is both quick 
and convenient. This paper studied the effect of restraining flutter of magnetorheological fixture 
through the theory of semi-active vibration control.  

        

Fig. 1 The magnetorheological fluid in the magnetorheological fixture is magnetically solidified. 

In the process of machining, the height of thin-walled parts is generally much smaller than the 
size of the bottom surface, and this forms a thin flat elastic body. Although the thin-walled parts are 
very thin, they still have a certain bending rigidity and the deflection is much smaller than its 
thickness. Thus, the thin-walled parts are simplified to a more reasonable rectangular thin plate. The 
study on its dynamic response during milling can provide methods and strategies for suppressing 
vibration. 

2.1 Natural frequency and main vibration mode of thin-walled parts 

The Aerospace thin-walled parts that were used in the experiment are shown in Fig. 2. There 
are upper and lower ends, and there are many grooves on the side. The thinnest part of the wall is 
only 1mm. This paper simplified the model as a rectangular thin-walled plate of equal thickness with 
length a, width b, thickness h, and density ρ, as shown in Fig. 3, which replaced the micro-element 
body hdxdy with any rectangular micro-element body dxdy on the neutral surface and expressed the 
load and the internal force on the cross section on the neutral plane, as shown in Fig. 4. In Fig. 4, 
Qx, Qy, Qz are the transverse shear forces per unit width, and Mx, My, Mz are the upward bending per 
unit width bending moment, Mxy, Myx, Myz, Mzy are the torque per unit width, the exciting force 

distributed on the unit area is p(x,y,t), the inertial force per unit area of the thin plate is −𝜌ℎ 𝜕2𝑤𝜕𝑡2 , w 

is the deformation deflection of the rectangular thin plate. In accordance with Kirchhoff G.’s small 
deflection bending theory of elastic thin-plates and Daramberg’s principle, the differential equation 
for the transverse vibration of the thin plate is established as follows: 
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Fig. 2 Aerospace thin-walled parts            Fig. 3 Simplified rectangular thin-walled plate 

 

       Fig. 4 The rectangular micro-element body on the neutral surface of the rectangular thin-walled plate 

In the formula, ( )
3
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In the differential equation of the lateral bending vibration of the thin plate, set the excitation 
force p(x,y,t)=0, then the differential equation of the free vibration of the thin plate can be obtained 
as follows: 
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Using the semi-inverse solution method, it is assumed that the free vibration displacement 
response of the thin plate is as follows: 

( ) ( ) ( ), , , sinw x y t W x y t = +                          (3) 

In the formula, W(x, y) is the main vibration mode of the thin plate. In accordance with the 
boundary conditions, the following formula can be obtained: 
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4 2

0

=
h

D

                                 (5) 

The main mode of Euler Bernoulli beam is 𝐶𝑖𝑠𝑖𝑛 𝑖𝜋𝑥𝑙 ，(i=1, 2, …). In accordance with this 

formula, the main mode of rectangular thin plate can be assumed as follows: 

( ), ,, sin sini j i j

i x j y
W x y A

a b

 
=                            (6) 

In the formula, Ai,j are related to the initial conditions. Through substituting formula (5) into 
formula (4), the following can be obtained: 

22 2

4
, sin sin 0i j

i j i x j y
A
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      + − =     
       

                    (7) 

In order to make this condition meet all points on the neutral surface of the rectangular thin 
plate, that is, both x and y can be met, so the frequency equation must meet the following relationship: 

22 2

4 =0
i j

a a

  
    + −    
     

                              (8) 

Through substituting equation (5) into equation (8), the natural frequencies of each order of 
the rectangular thin plate can be solved as follows: 

2 2
2 0

, 2 2
1,2, 1,2i j

i j D
i j

a b h
 


 

= + = = 
 

                    (9) 

2.2 Dynamic response of magnetorheological damping fixture thin-walled parts system with 

different volumes of magnetorheological fluids under forced vibration 

Magnetorheological fluid damping effect: Under the action of a magnetic field, the 
ferromagnetic particles in the magnetorheological fluid are magnetized and aggregated into a chain-
like particle molecular structure under the action of the magnetic field. When the system is in an 
excitation state, the magnetic chain generates dislocation motion. Internal molecular friction 
dissipates the energy input to the system. Thus, the damping produced by the magnetorheological 
fluid after solidification by the magnetic field is regarded as structural damping. However, in order 
to facilitate vibration analysis, linear equivalent viscous damping is used for approximate 
calculation. 

When the energy is consumed in one cycle of equivalent viscous damping and 
magnetorheological structure damping under the action of simple harmonic excitation force， it 
can be shown as follows respectively: 

2
eE c B  =                                (10) 

2W VB=                                 (11) 
In the formula, B is the amplitude, φ is a constant related to the type and volume fraction of 

ferromagnetic particles in the magnetorheological fluid, and V is the volume of the 
magnetorheological fluid. Through substituting formula (11) into (10) to make the energy consumed 
by the two damping in one cycle be the same, the linear equivalent damping coefficient can be 
obtained as follows: 
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The differential equation for forced vibration of a linear multi-degree-of-freedom thin-walled 
part with magnetorheological damping is: 

( )
2

4 2
0 2

, ,
e

w w
D w c h F x y t

t t
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                            (13) 

In the formula, ∇2 is harmonic operator, ∇2= 𝜕2𝜕𝑥2 + 𝜕2𝜕𝑦2, F(x, y, t) is generalized milling force. 

Through using the mode superposition method to solve the equation (9) and using the regular 
mode 𝜓𝑖,𝑗(𝑥, 𝑦)  to transform the vibration deflection response 𝑤(𝑥, 𝑦, 𝑡)  of the thin plate, the 
following formulation can be obtained: 

( ) ( ) ( ), ,
1 1

, , ,i j i j

i j

w x y t x y t 
 

= =

=                          (14) 

In the formula, 𝜂𝑖,𝑗(𝑡) is the canonical coordinate. Through substituting formula (14) into the 
vibration differential equation (13), the following formulation can be obtained: 

( ) ( ) ( ) ( ) ( ) ( )4 2
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1 1 1 1 1 1

, ,i j i j e i j i j i j i j
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= = = = = =

 +  + =         (15)                              

By multiplying both sides of the above equation by another regular mode shape ψr,s(x, y) and 
integrating x and y on the area domain Ω of the rectangular thin plate, the following formulation can 
be obtained: 

( ) ( ) ( ) ( ) ( ) ( )4 2
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1 1 1 1 1 1
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 +  + =           

                       (16) 
In accordance with the orthogonalization of the canonical mode, the vibration equation under 

the decoupled canonical coordinates is shown as follows: 

( ) ( ) ( ) ( )2
, , , , , , ,2 +r s r s r s r s r s r s r st t t q t     + =                     (17) 

In the formula, 𝑞𝑟,𝑠(𝑡)is the regular milling force, and ( ) ( ), ,, ,r s r sq t F x y t dxdy


=  . 

Assume that the initial conditions of the magnetorheological damping thin plate system are as 
follows: 

( ) ( ) ( )1 0 2, , , , | ,t

w
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t
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= =


                      (18) 

Substituting formula (18) into formula (14), the following formulation can be obtained: 

( ) ( ) ( ) ( )1 , ,
1 1
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= =                    (19) 
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=
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                      (20) 

Through multiplying both sides of the above two equations by ρhψr,s(x, y) and integrating them 
on the area Ω of the thin plate, and using the orthogonalization condition of the canonical mode, the 
initial conditions of the canonical coordinates can be obtained as follows: 

( ) ( ) ( ), 1 ,0 , ,r s r shg x y x y dxdy  


=                        (21) 

( ) ( ) ( ), 2 ,0 , ,r s r shg x y x y dxdy  


=                        (22) 
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In accordance with the principle of mode superposition, the forced vibration response of a 
multi-degree-of-freedom thin-walled workpiece system constrained by magnetorheological 
damping can be considered as the result of the superposition of multiple single-degree-of-freedom 
vibration responses. In accordance with Duhamel’s integral, the response of the system to any 
excitation force can be considered as the sum of the response to a series of impulses in the 
corresponding time interval, and the regular response of the system can be obtained from equations 
(17), (21) and (22) as follows: 

( ) ( ) ( ) ( ) ( ) ( ) ( ), , , ,, , , ,

, , , , , ,0
, ,

0 0 1
0 cos sin sinr s r s r s r s

tt tr s r s r s r s

r s r s r s r s r s r s

r s r s

t e t t q e t d
       

       
 

− − − +
  = + + −    

  

(23) 

In the formula, ,r s  , ,r s   are the natural frequency and damping ratio of the 

magnetorheological damped thin-walled parts system, 2
, , ,= 1-r s r s r s   ， ,

,

=
2

e
r s

r s

c

abh



. 

Through the normalized condition, convert the main mode of vibration 𝑊𝑖,𝑗(𝑥, 𝑦)  to the 
regular mode of vibration 𝜓𝑖,𝑗(𝑥, 𝑦): 

( )
2

2
, ,0 0

, sin sin 1
a b

i j i j

i x j y
hW x y dxdy h A dxdy

a b
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                   (24) 

The solution is ,

4
i jA

abh
= , so the regular mode shape can be solved as: 
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4
, sin sini j

i x j y
x y

abh a b

 


=                          (25) 

Through substituting formula (25) and formula (23) into formula (14), the displacement 
response of forced vibration of the magnetorheological damping fixture thin-walled parts system 
related to the magnetorheological fluid volumes under generalized coordinates can be obtained as 
follows: 
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(26) 
The second-order derivative of the displacement response in formula (26) can be used to obtain 

the acceleration response: 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ), , , ,

, ,

, , , ,2 2
, , , , , , ,0

1 1 , ,

, ,

0 04 1
, , = , , sin sin 0 cos sin sinr s r s r s r s

r s r s

tt tr s r s r s r s

r s r s r s r s r s r s r s

r s r s r s

t

r s r s

i x j y
A x y t w x y t e t t q e t d

abh a b

e

    

 

             
  

  

 
− − −

= =

−

   +   = + + −         
− −

 

( ) ( ) ( )( )
( ) ( ) ( )( )

( )

, ,

, ,

, , , , , , , , ,

2
, , , , , , , , , , ,

,

, , , , , , ,

,

0 sin 0 cos 0 cos

0 cos 0 sin 0 sin

sin cos

r s r s

r s r s

r s r s r s r s r s r s r s r s r s

t

r s r s r s r s r s r s r s r s r s r s r s

tr s

r s r s r s r s r s r s r s

r s

t t t

e t t t

q t
e t

 

 

       

          

      


−

−

  + +

     + − − −

  + − +
 ( ) ( )

( ) ( ) ( )

, ,

, , , ,

, ,0

,

, , , , , , , , ,0
,

cos

cos sin sin

r s r s

r s r s r s r s

t

r s r s

ttr s

r s r s r s r s r s r s r s r s r s

r s

t q e d

q t
e t t q e d

  

    

   

          


−

   

    − +    





 

(27) 

2.3 Dynamics experiment setup for aerospace thin-walled parts  

In order to verify the validity of the model and analyze the influence of different 
magnetorheological fluid volumes on the stiffness and damping characteristics of the fixture 
workpiece system, the relevant dynamics experiments are designed in this paper. As shown in Fig. 
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5, when fixing the aerospace thin-walled parts in the magnetorheological damping fixture and 
adding 0L, 3L, 5L, 7L magnetorheological fluids into the fixture box respectively, the 7L 
magnetorheological fluid can basically reach the state of fully covering the thin-walled parts. As 
shown in Fig. 6, the modal hammer percussion experiment uses a laser vibrometer (PSV-400) to test 
the dynamic response of adding different volumes of magnetorheological fluid and analyzes the 
impact of magnetorheological fluid volumes change on suppressing flutter of magnetorheological 
damping fixture. 

 

Fig. 5 Fixtures with different volumes of magnetorheological fluid      Fig. 6 Modal percussion experiment 

2.4 Experiment setup for milling of annular thin-walled parts 

In order to verify the impact of the magnetorheological damping fixture filled with different 
volumes of magnetorheological fluid on the processing of different types of thin-walled parts, a 
magnetorheological damping composite fixture for clamping annular thin-walled parts was 
designed to study the change of milling force and milling vibration acceleration . As shown in Fig. 
7, for the existing annular aluminum alloy blanks, the inner wall is reamed from 26mm to 27mm, 
and the thinnest wall thickness is 1.5mm. As shown in Fig. 8, by adding 0.1L, 0.2L, 0.3L 
magnetorheological fluid to the magnetorheological damping fixture and installing a dynamometer 
(Kistler, 9139AA) at the bottom of the fixture, the milling force can be measured. Beside it is 
possible to choose ∅ 4mm4-edge cemented carbide milling cutter, the process parameters are 
spindle speed 12000 r/min, cutting depth 1 mm, feed rate 100 mm/min, and milling on a three-axis 
milling machine (Carver S600). 

                                                

(a) Three-dimensional drawing of annular thin-walled parts (b) The dimensions of annular thin-walled part 

Fig. 7 Schematic diagram of ring-shaped thin-walled parts 
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Magnetic field 

MRF fixture 

Workpiece 

Laser vibrometer 

1.5mm 



10 

 

 

Fig. 8 Measurement of milling force and vibration acceleration 

3. Results and discussion 

This section mainly verifies the dynamic model that is proposed in the previous section. It also 
analyzes the impact of different magnetorheological fluid volumes on the stiffness and damping 
characteristics of the fixture-workpiece system. Besides, it studies the milling characteristics of 
different magnetorheological fluid volumes, including the impact of milling force and milling 
vibration acceleration. And it also discusses the processing quality of thin-walled parts after milling.  

3.1 Verification of dynamic model of the magnetorheological damping fixture-workpiece 

system 

In order to accurately analyze the difference in the dynamic characteristics of the 
magnetorheological damping fixture-workpiece system resulted from the change of the 
magnetorheological fluid volume, the dynamics experiment results of aerospace thin-walled parts 
were discussed.。Fig. 9 plots the frequency response function of the fixture-workpiece system. The 
results has shown that, except for the addition of 7L magnetorheological fluid, in the first-order 
mode, the amplitude of the frequency response function is greatly reduced with the increase of the 
volume of the added magnetorheological fluid and the natural frequency gradually increases; the 
natural frequency value of the system is the smallest when no magnetorheological fluid is added, 
which is 441.5Hz, and the natural frequency when 5L of magnetorheological fluid is added is the 
largest, which is about 580.6 Hz, with an increase of 31.5%. When adding 7L magnetorheological 
fluid, because of the phenomenon of magnetic saturation, the magnetic field intensity set in this 
experiment cannot solidify all 7L magnetorheological fluid, and part of the magnetorheological fluid 
is still in the state of Newtonian fluid. Thus, the natural frequency of the system is slightly smaller 
than when adding 5L magnetorheological fluid. The whole experimental results have shown that the 
magnetorheological damping fixture improves the rigidity of the fixture-workpiece system 
effectively than that of the non-magnetorheological fixture. When the magnetorheological fluid 
excitation was not saturated, as the magnetorheological fluid volume increased, the greater the 
rigidity of the system , the better the vibration abatement effect. 

H H 

0.1L MRF 
0.2L MRF 

0.3L MRF 

Without MRF Annular thin-walled 

Cutter 

Magnetic field 

Dynamome
er

MRF fixture 
ffffifixture 

Acceleration sensor 
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Fig. 9 The frequency response function with different magnetorheological fluid volumes added 

 
   (a) Without MRF                                 (b) 3L MRF 

 

      (c) 5L MRF                                  (d) 7L MRF 

Fig. 10 The displacement response with different magnetorheological fluid volumes added 

Fig. 10 shows the displacement response of the fixture-workpiece system without 
magnetorheological fluid and adding different volumes of magnetorheological fluid. Table 1 shows 
the peak displacement and deformation corresponding to different situations and the time it takes 
for the vibration of the workpiece starting from excitation to the steady state. It is found that as the 
volume of the magnetorheological fluid added increased, the vibration deformation displacement 

441.5Hz 

456.6Hz 

580.6Hz 556.9Hz 
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and the time-consuming to stabilize state gradually decreased, except for the case when 7L 
magnetorheological fluid was added. Since the solidified magnetorheological fluid has the damping 
characteristics, the energy applied to the system by external excitation was gradually dissipated 
through magnetorheological damping. The more magnetorheological fluid, the faster the energy 
dissipation, and as the system vibration tended to stabilize, it became faster. Thus, it took the longest 
time for the non-magnetorheological fluid fixture to stabilize, which was 0.35s, and the damping 
fixture with 5L magnetorheological fluid took the shortest time, which was 0.15s. The time has been 
decreased by 57.1%. The measured data was abnormal when 7L magnetorheological fluid was 
added because of the phenomenon of magnetic saturation. The entire experimental results have 
verified that the magnetorheological damping fixture dissipated the excitation energy faster than the 
non-magnetorheological fixture. When the solidification of magnetorheological fluid was in 
unsaturation condition, as the volumes of the magnetorheological fluid increased, the more 
prominent the system damping characteristics, the better the vibration abatement effect. 

Table 1 Modal parameters of fixture-workpiece system with different magnetorheological fluid volumes added 

MRF volume    

Item 

Without MRF With 3L MRF With 5L MRF With 7L MRF 

Response maximum 

displacement (𝜇𝑚) 

43.5 42.4 40.5 41.5 

Excitation to Stability 

time-consuming (s) 

0.35 0.28 0.15 0.26 

 

(a) Comparison of predicted and measured displacement response between without MRF and 3L MRF 

 (b) Comparison of predicted and measured displacement response between 5L MRF and 7L MRF 

Fig. 11 Comparison of the predicted and measured displacement response with different magnetorheological fluid 

volumes 

Fig. 11 shows the comparison of the fixture-workpiece system displacement response 
predictions as well as the measured values with different magnetorheological fluid volumes added. 
The maximum error was 16.2%. The predicted displacement response was consistent with the 
measured value trend. The results have verified that the dynamic model of the magnetorheological 
damping fixture-workpiece system could effectively predict the displacement response of the thin-
walled workpieces. 

3.2 Effects of the magnetorheological fluid volumes on the milling characteristics  

In order to further analyze the impact of the magnetorheological damping fixture filled with 
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different volumes of magnetorheological fluid on the actual milling conditions, the milling force 
and milling vibration acceleration are discussed. They were measured in section 2.4 for the 
machining of annular thin-walled parts under certain milling process parameters. The measured 
results of the milling force experiment are shown in Fig. 12. In Fig. 12, the X direction is the tool 
feed direction and the Y direction is the tool width direction, so the maximum milling force in the 
X direction is greater than the Y direction; the Z axis is the tool spindle, which undertakes the main 
cutting action, so the maximum milling force in the Z direction is much larger than in the X and Y 
directions. As the volumes of the magnetorheological fluid in the fixture increases, the maximum 
milling force in the three directions gradually decreases. However, the maximum milling force in 
the Z-axis direction doesn’t change so much. The milling force of the fixture without 
magnetorheological fluid is the largest. When 0.1L and 0.3L magnetorheological fluid are added, 
the maximum milling force in the X, Y, and Z directions of the workpiece is 52.49N, 43.56N, 58.89N, 
41.38N, 31.21N, 56.16N respectively, the maximum milling force is decreased by 21.2%, 28.4%, 
and 4.6% respectively. The results show that the damping force provided by the solidified 
magnetorheological fluid can offset part of the milling force effectively. The Y direction has the best 
milling force control effect, followed by the X direction. 

 

Fig. 12 The maximum milling force with different volumes of magnetorheological fluids 

 

(a) Without MRF                               (b) 0.1L MRF 
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(c) 0.2L MRF                                 (d) 0.3L MRF 

Fig. 13 The milling vibration acceleration with different volumes of magnetorheological fluids 

 

        (a) Measured under different directions         (b) Comparison of the predicted and measured value 

 Fig. 14 Maximum vibration acceleration with different volumes of magnetorheological fluids 

The results of the milling vibration acceleration experiment are shown in Fig. 13 and Fig. 14(a). 
The milling vibration acceleration in the Z direction is the smallest, the Y direction is the largest, 
and the X direction follows the Y direction. With the increase in the volumes of the 
magnetorheological fluid in the fixture, the maximum milling vibration acceleration in each of the 
three directions gradually decreased. However, the maximum milling vibration acceleration in the 
Z-axis direction didn't change so much. The milling vibration acceleration of the fixture without 
magnetorheological fluid is the largest. When 0.1L and 0.3L magnetorheological fluid are added, 
the maximum milling vibration acceleration in the X, Y, and Z directions of the workpiece is 0.90g, 
1.96g, 0.58g, 0.65g, 0.99g and 0.52g respectively. The maximum milling vibration acceleration 
decreases by 27.8%, 49.5%, 10.3% respectively. The results show that the magnetorheological 
damping fixture mainly suppresses the vibration of the workpiece in the Y direction, followed by 
the X direction. The milling stability of the Z direction has the least impact. This is because the Z 
direction is the direction of the machine tool spindle, and the rigidity is the strongest. The milling 
vibration has little effect in this direction, and the X direction has a constraint effect of the feeding 
force, so the milling vibration in the X direction is more stable than that of the Y direction. The Y 
direction is the tool's width cutting direction. The rigidity is the worst. 

By substituting the maximum milling force measured in Fig. 13 into formula (27), the 
maximum milling vibration acceleration can be calculated, as shown in Fig. 14 (b). By comparing 
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the predicted value with the measured value, the predicted value of the maximum milling vibration 
acceleration is generally smaller than the measured value and the maximum error is 15.5%. This is 
because of the uncontrollable factors, such as external environmental vibration. The results have 
verified that the dynamics model of the magnetorheological damping fixture-workpiece system 
could effectively predict the acceleration response of the thin-walled parts under the milling force. 

3.3 Effects of the magnetorheological fluid volumes on machining quality  

Compared with the results of dynamic experiments and milling experiments, the processing 
quality of thin-walled parts can directly reflect the difference in vibration suppression of different 
volumes of magnetorheological fluids. This section carries out comparative analysis of vibration 
suppression effects according to the processing quality results in three aspects: roughness, coaxiality 
and cylindricity. Roughness is a significant factor for measuring the accuracy of the surface of the 
workpiece. It is also the standard for judging the quality of processing. This section made use of the 
Form Talysurfi200 surface roughness meter to test the inner surface roughness value of the milled 
annular thin-walled parts in the previous section. Besides, a marker was used to mark 4 points to be 
measured (1-4) at the same height on the surface of the inner hole (1-4). The 4 points were tested 
respectively and the average value was calculated. These not only reduced the error resulted from 
the experimental measurement, but also could judge the processing stability, as shown in Fig. 15. 

 

     Fig. 15 Scheme of roughness measurement 

In accordance with the roughness test results in Table 2, it is concluded that the use of 
magnetorheological damping fixtures can greatly reduce the surface roughness of the workpiece 
compared with non-magnetorheological fixtures. The inner hole of the workpiece is rougher after 
adding 0.1L and 0.3L magnetorheological fluid. The degree values Ra, Rz, and Rq are 0.25, 1.36, 
0.33, 0.15, 0.83, 0.21, respectively, which are decreased by 40%, 39.0%, and 36.4% respectively. 

Coaxiality theory considers the reference axis as an ideal straight line, and the measured axis 
bends, tilts and shifts. This section used the Talyrond 565 cylindricity meter and the PMM-C 8.10.6 
ultra-high-precision three-coordinate measuring machine to test the cylindricity as well as the 
coaxiality of the milled workpiece. Several test points were taken on the inner surface of the 
workpiece so as to obtain the cylindricity as well as the position of each axis based on one of the 
axes, and the deviation of the two axes was compared. The field test is shown in Fig. 16. 
 

 

Probe 
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Table 2 Results of roughness test of annular thin-walled parts 

MRF volume Test point 1 2 3 4 average value 

Without MRF 

Ra(𝜇m) 0.33 0.29 0.29 0.29 0.30 

Rz(𝜇m) 1.57 1.27 1.37 1.33 1.39 

Rq(𝜇m) 0.49 0.38 0.38 0.37 0.41 

With 0.1L 

MRF 

Ra(𝜇m) 0.25 0.25 0.24 0.26 0.25 

Rz(𝜇m) 1.42 1.38 1.30 1.35 1.36 

Rq(𝜇m) 0.35 0.31 0.33 0.32 0.33 

With 0.2L 

MRF 

Ra(𝜇m) 0.21 0.18 0.19 0.19 0.19 

Rz(𝜇m) 1.18 1.12 1.08 1.09 1.12 

Rq(𝜇m) 0.25 0.27 0.26 0.21 0.25 

With 0.3L 

MRF 

Ra(𝜇m) 0.14 0.15 0.14 0.16 0.15 

Rz(𝜇m) 0.79 0.85 0.81 0.85 0.83 

Rq(𝜇m) 0.19 0.20 0.19 0.25 0.21 

 

(a) Scheme of Cylindricity measurement                (b) Scheme of Coaxiality measurement 

Fig. 16 Scheme of cylindricity and concentricity measurement 

In accordance with the test results of cylindricity and coaxiality of annular thin-walled parts in 
Table 3, it was found that when the volume of magnetorheological fluid increased with the addition 
of 0.1L and 0.3L magnetorheological fluid, the concentricity value decreased, the cylindricity value 
increased, and the coaxiality increased greatly, reaching 54.5%. The inner cylindricity increased by 
42.0%. 

Table 3 The results of cylindricity and concentricity test of annular thin-walled parts  

MRF volume +TOL(mm) MEAS(mm) DEV(mm) OUTTOL(mm) 
inner 

cylindricity 

Without MRF 0.100 0.013 0.013 0.003 0.01924 

With 0.1L MRF 0.100 0.011 0.011 0.002 0.02534 

With 0.2L MRF 0.100 0.008 0.008 0.000 0.03018 

With 0.3L MRF 0.100 0.005 0.005 0.000 0.03599 

Workpiece 

Probe 

Platform 

Workpiece 

Probe 

Platform 
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From the above data, it can be seen that through adding a suitable volume of 
magnetorheological fluid, it was possible to provide damping force after excitation solidification. 
This could improve the stability of the inner hole machining of thin-walled parts and effectively 
suppress the milling vibration as well as the quality of surface machining. 

4. Conclusion 

The magnetorheological damping fixture proposed in this paper can effectively suppress the 
vibration of the workpiece. An improved dynamic response mathematical model of the 
magnetorheological damping fixture thin-walled parts system of the linear multiple degrees of 
freedom under forced vibration was established, which provides theoretical and technical basis for 
the subsequent magnetorheological fluid volumes matching milling quality of workpiece. The 
results provide a new idea for the use of magnetorheological damping fixtures so as to control the 
machining quality of thin-walled parts in aerospace. The conclusions are summarized as follows: 

1) Through simplifying aerospace thin-walled parts into rectangular thin plates, in accordance 
with Kirchhoff G.’s small deflection bending theory of elastic thin-plates, Daramberg’s principle 
and the mode superposition principle, an improved dynamic response mathematical model of the 
magnetorheological damping fixture thin-walled parts system of the linear multiple degrees of 
freedom, which has different volumes of magnetorheological fluids under forced vibration, was 
established in this paper. The maximum errors of displacement and acceleration responses of the 
theoretical calculation value and the experimental value were 16.2% and 15.5%, respectively. The 
results verified the validity of the model. 

2) The dynamics experiment as well as the milling experiment proved that as the increase of the 
magnetorheological fluid volumes, the natural frequency as well as the damping of the 
magnetorheological damping fixture-workpiece system increased, and the system’s dynamic 
rigidity and damping characteristics improved. When 5L magnetorheological fluid was added, the 
vibration abatement was the best. 

3) Through comparing the milling quality of thin-walled parts with different volumes of 
magnetorheological fluids, it was found in this paper that the maximum reduction of roughness was 
40%, the coaxiality increased by 54.5%, and the inner cylindricity increased by 42.0%, which 
effectively and directly verified that through adding a suitable volume of magnetorheological fluid, 
it was possible to suppress vibration. 
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Figures

Figure 1

The magnetorheological �uid in the magnetorheological �xture is magnetically solidi�ed.

Figure 2

Aerospace thin-walled parts

Figure 3

Simpli�ed rectangular thin-walled plate



Figure 4

The rectangular micro-element body on the neutral surface of the rectangular thin-walled plate

Figure 5

Fixtures with different volumes of magnetorheological �uid

Figure 6

Modal percussion experiment



Figure 7

Schematic diagram of ring-shaped thin-walled parts

Figure 8

Measurement of milling force and vibration acceleration

Figure 9

The frequency response function with different magnetorheological �uid volumes added



Figure 10

The displacement response with different magnetorheological �uid volumes added

Figure 11

Comparison of the predicted and measured displacement response with different magnetorheological
�uid volumes



Figure 12

The maximum milling force with different volumes of magnetorheological �uids

Figure 13



The milling vibration acceleration with different volumes of magnetorheological �uids

Figure 14

Maximum vibration acceleration with different volumes of magnetorheological �uids

Figure 15

Scheme of roughness measurement



Figure 16

Scheme of cylindricity and concentricity measurement


