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Abstract: Aerospace thin-walled parts have the characteristics of low stiffness and 
complex structure, which are easily deformed by machine tool vibration, cutting force 
and heat during machining. The traditional fixture is in point contact with the workpiece, 
and the workpiece bears uneven force, which results in poor surface quality and low 
precision of the part. Therefore, it is urgent to improve the machining efficiency and 
surface quality of workpiece. According to the performance of magnetorheological 
fluid, a magnetorheological flexible fixture is designed to completely wrap the parts so 
as to make them bear uniform force, improve the stiffness of the system and inhibit 
flutter. Firstly, the stiffness distribution of thin-walled parts, flexible fixtures and fixture-
workpiece system is studied in this paper. It can be seen that the symmetrical center 
stiffness of magnetorheological flexible fixtures is relatively low. Through milling 
experiments with single process parameters, it is found that when the rotational speed, 
cutting depth and feed speed change, the composite clamping effect is better than the 
traditional clamping effect, in which with the increase of rotational speed, the vibration 
acceleration in Ax, Ay and Az directions decreases by 25.16%, 26.87% and 10.78% 
respectively; When the cutting depth increases, Ay decreases by 23.12% at the 
maximum. When the feed speed changes, it decreases by 15.78%. Finally, based on the 
case of milling thin-walled parts with magnetorheological flexible fixture, it is obtained 
that the coaxiality of composite clamped thin-walled parts decreases by 13.85%, and 
the maximum decrease of cylindricity is 36.73%. Roughness value Rz decreases by 
80.47% at the maximum. In summary, the above results have verified that the 
machining quality of the magnetorheological flexible fixture is better. 
Keywords: Thin-walled part; Magnetorheological flexible fixture; Milling; Processing 
parameters; Stiffness; Vibration; Machining quality; Flexible fixtures and fixture-
workpiece system 

1. Introduction 

Materials of aerospace thin-walled parts are difficult to machine.1 Because of cutting 
force, heat, machine tool vibration and other factors in the cutting process, coupled with its 
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weak stiffness, complex shape and structure, the contact interface between the tool and the 
workpiece occurs uneven force and heat during milling the workpiece. Small rigid contact 
area and uneven force exist between traditional fixture and workpiece, which is prone to 
machining deformation, resulting in poor surface quality and low precision of the parts. At 
the same time, as part materials are removed, the geometric structure of the part evolves 
continuously, which makes the process system have time-varying dynamic characteristics. 
Therefore, the control of processing stability becomes a difficult problem. 

With the development of sensing technology and intelligent materials, active intelligent 
clamping system has gradually become the research focus of scholars at home and abroad.2 
Selvakumar et al.3 proposed the dynamic response model of active fixture-thin-walled parts 
under dynamic load. Li et al.4 considered processing conditions fusion information model 
based on dynamic characteristics, and developed a flexible fixture that automatically 
responds to workpiece deformation during machining. Mohring et al.5 explained the 
influence with respect to processing performance and surface quality of thin-walled part 
through experimental and theoretical results. However, the traditional fixture is in point 
contact with the part, which leads to uneven stress, resulting in machining deformation. 

At present, in the field of milling thin-walled parts, adjusting cutting process parameters 
is often used to enhance the stiffness of the process system. FEA software was used by Wang 
et al6 and Jiang et al.7 to research the influence of machining parameters on redistribution of 
residual stress of workpiece by combining simulation and experiment. It is found that 
appropriately increasing cutting speeds8 and matching with smaller depth of cut can ensure 
milling efficiency and surface quality. Fekrmandi et al.9 found that tool geometric 
parameters have an important influence on milling chatter, and changing tool geometric 
parameters can improve stability by suppressing vibration. Ding et al.10,11,12 proposed 
different system stability methods to realize the stability of milling process through spindle 
variable speed cutting. Researchers revealed the effects of each parameter on the surface 
quality of workpiece by changing the parameters such as milling speed, feed rate, radial and 
axial depth in the machining process. The experimental results explain that the interaction 
between radial and axial depth has the most noticeable effect on surface quality.13 In the 
meantime, the method of the spindle speed controller to control the feed speed14 and the tool 
attitude optimization15,16 are also implemented to avoid the occurrence of milling chatter. 
However, in these methods, the machining quality of parts is easy to affect the adjustment 
of process parameters, and the process system composed of process stiffness enhancement 
methods does not have the characteristics of adjustable dynamic characteristics, thus causing 
great limitations. 

The rheological properties of magnetorheological fluid can change continuously, 
rapidly and reversibly with the applied magnetic field.17,18 Solidification under the action of 
magnetic field can provide greater damping force that refers to shear stress. Based on this 
characteristic, Tang et al.19 designed a set of flexible fixture for magnetorheological fluid, 
which can provide a clamping force of about 80kPa under the influence of magnetic field. 
After pressurizing the writing wedge, the maximum clamping force is 800MPa, which meets 
the processing requirements. Aydar et al.20 designed a magnetorheological fluid valve with 
permanent magnet and electromagnet control, which can output different damping forces 
according to actual working conditions. Mughni et al.21 proposed to analyze the performance 
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of damper in shear-flow mixed mode from the effective region inside magnetorheological 
fluid material. The dynamic model of rotary MR damper is established by Imaduddin et al.22 
Zhang et al.23 established a theoretical model of magnetorheological fluid shear stress and 
researched its relationship with workpiece position and magnetic field strength. Kim et al.24 
considered a damping force model based on flow mode devices and calculated the 
corresponding model coefficients. Zhao et al.25 proposed the dynamic model of MR fixture 
clamping the workpiece to study the optimal parameters of MR fixture. Ma et al.26 
established a flexible fixture based on the MR fluids to research the vibration suppression 
during milling the thin-walled part. Existing researches on magnetorheological fluids mostly 
focus on valve-type and shear-type devices in large amplitude and low frequency 
applications, while researches on small amplitude and high frequency vibration applications 
are less. 

It is inevitable that vibration exists in the machining process of the workpiece. How to 
improve the system stiffness and suppress vibration so as to enhance the quality and milling 
accuracy of thin-walled parts needs to be solved urgently. Considering that 
magnetorheological fluid can completely wrap parts, overcome point contact, make 
workpieces bear uniform force and have better machining effect, this paper develops a 
magnetorheological flexible fixture suitable for thin-walled parts milling. First, fixture-
workpiece system, including magnetic field force model, pre-tightening model and milling 
force model, is analyzed. Then, the stiffness distribution of fixture-workpiece system is 
studied. Finally, its reliability is verified through milling comparative experiments. 

2. Magnetorheological flexible fixture-workpiece system 

The traditional fixture clamps parts, the contact surface between the workpiece and the 
machine tool is rigid contact, and the stress is uneven, which leads to local deformation of 
the part and makes it hard to ensure the surface quality. Therefore, this paper designs a new 
type of magnetorheological flexible fixture, whose clamping method is 
mechanical/magnetorheological composite clamping. Fig. 1 shows the schematic diagram 
of the device. The parts are uniformly stressed under the magnetorheological fluid package, 
and at the same time, under the action of mechanical pre-tightening force, the auxiliary 
support stiffness of the fixture is improved to make up for the deformation caused by uneven 
stiffness distribution of thin-walled parts caused by material removal. Under the action of 
magnetic field, the workpiece was subjected to three forces, the milling force F1, magnetic 
field force Fi and mechanical clamping force F′. 

 
Fig. 1. The schematic diagram of magnetorheological flexible fixture. 
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2.1. Magnetic field force model 
The solid particles in magnetorheological fluid are uniform ferromagnetic particles. 

Assuming that the magnetic current region is Ω, which composed of non-magnetic carrier 

liquid and N spherical ferromagnetic particlesΩ1，Ω2，…，Ωn , Under the action of 

external static magnetic field, Maxwell's basic equations can be expressed25: ∇ × 𝚮 = 𝐉， ∇. 𝐁 = 0                          (1) 

Among them, 𝐉 is self-owned current, and the solution area considered has no self-

owned current, so ∇ × 𝚮 = 0. Assuming that the material is isotropic, then: 

B=μ0(𝐇 + 𝐌) = μ0(1 + χ)𝐇 = μ0μr 𝐇 = μ𝐇              (2) 

Where, χ  is the magnetic susceptibility and μr = 1 + χ  is the relative magnetic 

permeability. 

According to the scalar magnetic potential theory, the magnetic field strength can 

be expressed as: 𝚮 = −∇φ                                     (3) 

Combining the Eqs. (1) and (2), the following results are obtained: ∇(μ∇φ) = 0                                   (4) μ can be determined by the magnetization characteristics of the material. 

Given the initial conditions and boundary conditions, the scalar potential function φ 
in Eq. (4) can be solved by using finite element software, thus obtaining the magnetic field 
distribution H of each node in the magnetorheological fluid region, and calculating Maxwell 
stress tensor by the following equation: σN = μ0 [ΗΗT − 12 |Η|2I]                      (5) 

Therefore, the magnetic force received by the particle i in the magnetic field can be 
expressed as: 𝐅𝐢 = ∫ΩkσN. 𝐧ds=∫Ωkμ0 [ΗΗT − 12 |Η|2I] . 𝐧ds         (6) 

Where I is the second-order unit vector and n is the unit normal vector of the boundary Ωk. 
The magnetic field force in Eq. (6) can be calculated by using Comsol magnetic field-free 
current module and the derived value of post-processing. 

2.2. Pre-tightening model 
According to the structure of the annular part to be processed, the V-shaped block 

and the pressing plate are designed to fix the workpiece, in which the V-shaped block 
and the bolt are matched to fix the lower half of the thin-walled part, and the two 
pressing plates are tightened by the bolts to fix and compact the upper half of the thin-
walled part. Since the V-shaped block does not consider the influence on the processing 
of parts, the error caused by the positioning of the positioning block is ignored and only 
the bolt fixing effect is discussed. As shown in Fig. 2 (a), the bolt is balanced by the 
screw torque of the screw pair 𝑇1 transmitted from the movable V-block under the 
action of the support surface torque 𝑇2 and the clamping torque 𝑇3 of the head. 𝑇1 = 𝑇2 + 𝑇3                      (7) 

In the equation, 𝑇2 is the support surface, N·m; 𝑇3 is the clamping moment, N·m. 
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Therefore, the bolt is twisted, and the torque is expressed in Fig. 2 (b). The thread torque 
is generated by the inclined plane and friction of the thread pair. Under its influence, the 
thread pair has the effect of circumferential force 𝐹𝑡. At this time, the bolt is subjected to 
axial tension 𝐹′, as shown in Fig. 2 (a), so that the movable V-shaped block and the fixed 
V-shaped block clamp the thin-walled piece. 

 

Fig. 2. Stress of bolts and V-shaped blocks when fixing thin-walled parts. (a) top view; (b) 
torque of the bolt. 

The relationship between the thread torque and the circumferential force of the thread 
pair can be shown as follows: 𝑇1 = 𝐹𝑡𝑑22   = 𝐹′tan (𝜆 + 𝜉′) ∙ 𝑑2/2         (8) 
Where, 𝐹𝑡 is a circular force, N; 𝑑2 is the thread diameter, mm; 𝐹′ is the axial tensile 
force on the bolt, N; 𝜉′ is the equivalent friction angle of the thread pair, °; 𝜆 is the screw 
lift angle, °. 

The torsional shear stress τ of the bolt is: τ = 𝑇1𝜋𝑑𝑐316  

= 𝐹′ tan(𝜆+𝜉′)𝑑22𝜋𝑑𝑐316                    (9) 

In Eq. (9), dc is the diameter of the dangerous cross-sectional area of the thread, mm; τ is torsional shear stress, N/mm2. 
Therefore, Eq. (9) can be changed to:  𝐹′ = 𝜋𝑑𝑐38 tan(𝜆+𝜉′)𝑑2 ∙ 𝜏             (10) 

Among them, 𝜉′  depending on the friction coefficient μ  and thread shape, in ordinary 
triangular threads: 
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𝜉′ = arctan (μ/cosβ)               (11) 
In Eq. (11), μ is the friction coefficient of the thread pair, and β is the thread profile 

angle. The spiral lift angle of the thread λ is expressed as: 𝜆 = arctan (𝑃/𝜋𝑑2)              (12) 
Which 𝑃 is the pitch of the thread. For common triangular threads: 𝑑2 = 𝑑 − 0.6495𝑃                   (13) 
which d is the nominal diameter of the thread. 

The equation for calculating the dangerous broken cross-sectional area of threads A3 
is as follows: 𝐴3 = 𝜋4 (𝑑2+𝑑32 )2                 (14) 

Therefore:                     𝑑𝑐 = (𝑑2 + 𝑑3) 2⁄                        (15) d3 = d1 − 0.866P/6, d1 = d − 1.0825P, where d1 is the thread diameter, d3 is 
calculated diameter of thread. The Eq. (15) is simplified to obtain: 𝑑𝑐 = 𝑑 − 0.9381𝑃                     (16) 

The 𝜉′ and 𝜆 in Eqs. (11) and (12) is very small, so: tan(𝜆 + 𝜉′) ≈ 𝑡𝑎𝑛𝜆 + 𝑡𝑎𝑛𝜉′               (17) 

Substituting Eqs. (11) and (12) into Eq. (17) results in: 𝑡𝑎𝑛𝜆 + 𝑡𝑎𝑛𝜉′ = 𝑃𝜋𝑑2 + 1.155𝜇          (18) 

Substituting Eq. (18) into (10) to obtain the axial tensile force on the bolt F′: 𝐹′ = 𝜋𝑑𝑐38 tan(𝜆 + 𝜉′) 𝑑2 ∙ 𝜏 = 𝜋𝑑𝑐38(P 𝜋𝑑2+1.155𝜇⁄ )𝑑2 ∙ 𝜏                (19) 

In addition to the positioning and clamping of the V-shaped block and the bolt, the thin-
walled piece is also fixed by the two pressure plates to prevent the workpiece from sliding 
in the vertical direction, as shown in Fig. 3. Among them, the two pressure plates are each 
provided with a threaded hole and a through groove, and the threaded hole is used for 
vertically moving and positioning the bolt in the Y direction, as expressed in Fig. 3 (a); The 
through groove can be adjusted to move horizontally in the X direction according to the 
shape of the workpiece, as shown in Fig. 3 (b), so as to achieve flexible positioning; Both 
bolts are connected to the threaded holes at the bottom of the container. 

 

Fig. 3. Fixing of pressing plate. (a) front view; (b) top view. 
In this study, aerospace rotary parts are taken as the processing and clamping 

objects, and their received force is analyzed, as shown in Fig. 4. Since the bolts at the 
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groove have no acting force and only play a positioning effect, the workpiece is 
subjected to the vertical downward pressure of the two pressure plates 2F′ and the 
reaction force 2F′′ at the bottom of the container. At the same time, the left and right 
V-shaped blocks have a pair of forces with opposite directions and equal sizes on the 
parts F′, and the workpiece of F′′is balanced in force. 

 

Fig. 4. Mechanical clamping and fixing. (a) front view; (b) top view. 

2.3. Milling force model 
In the machining process, the workpiece material resists the cutting force generated 

by the cutter. The magnitude of milling force is affected by process parameters, and the 
equation of milling force27 is shown as follows: F1 = Cp × apx1 × fzx2 × Dx3 × Bx4 × z × Kp       (20) 

Among them, Cp is the coefficient with regard to the workpiece material and milling 

cutter type, ap represents the milling depth, fz shows the feed per tooth, the milling 

cutter diameter is D, B is the milling width, z is the number of milling cutter teeth, and Kp is the correction coefficient considering the mechanical properties of the workpiece 

material. 

3. Research on stiffness distribution of magnetorheological flexible 

fixture 

The vibration problem is easy to occur in machining the workpiece. The main 

reason is that the stiffness of its machining process system cannot meet the needs of 

actual milling. In order to meet the actual machining requirements, this paper uses 

magnetorheological flexible fixture to support thin-walled parts to improve their local 

stiffness, and uses the magnetostrictive characteristics of magnetorheological fluid to 

absorb vibration energy, so as to convert the vibration energy generated by milling into 

other forms of storage or dissipation, thus inhibiting machining vibration and improving 

machining quality. 

3.1. Research on stiffness distribution of thin-walled parts 

The machining accuracy of thin-walled parts is closely related to the stiffness of 

the point contact between the workpiece and the machine tool during milling the thin-

walled part, so it is very important to study the stiffness distribution law of thin-walled 
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parts. Assuming that the contact point between the fixture-workpiece and the cutter is 

Q(x, y, z) and the deformation amount is △Q(x, y, z), the stiffness value of this point 

is K(x, y, z), and the milling force F1(x, y, z) is applied to this point, the stiffness value 

of this point can be expressed by Eq. (21): K(x, y, z) = F1(x,y,z)△Q(x,y,z)                 (21) 

The deformation amount at this point is determined by the stiffness of the 

magnetorheological fluid fixture and the workpiece. Assuming that the stiffness of the 

workpiece is K1(x, y, z) , the stiffness of the magnetorheological flexible fixture 

is K2(x, y, z), and the respective forces are Fk1 and Fk2 respectively, the deformation 

amount at this point can be expressed as Eq. (22): △ Q(x, y, z) = Fk1K1(x,y,z) + Fk2K2(x,y,z)             (22) 

In Eq. (22), the greater the stiffness value of the contact point, the smaller the 

relative displacement of the point and the stronger the system's ability to resist external 

excitation. Using magnetorheological flexible fixture can effectively increase the 

stiffness of fixture-workpiece. 

In the experiment, frame type aluminum alloy thin-walled part is selected and 

three-dimensional diagram is shown in Fig. 5. 

 
Fig. 5. Diagram of frame type aluminum alloy thin-walled part. 

The upper end is large and complex, the lower end is small. On the side of the thin-

walled part existing many grooves, and the wall thickness is 1mm. The experimental 

equipment is non-contact vibration measuring equipment, laser vibration measuring 

instrument (PSV-400) composed of three parts: vibration measurement system, data 

acquisition and computer. Modal impact hammer (PCB 086C04) was used to hammer 

the selected six testing points of aerospace thin-walled parts, as exhibited in Fig. 6. 
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Fig. 6 Stiffness test of thin-walled parts  Fig. 7 Stiffness test of flexible fixture. 

3.2. Research on stiffness distribution of flexible fixture system 

The stiffness of the magnetorheological flexible fixture mainly comes from the 

magnetorheological fluid. Dipole theory knows that the magnetic particles in the 

magnetorheological fluid are arranged in chains in the magnetic field, while the 

vibration of the milling workpiece leads to a weak change in the position of the 

surrounding magnetorheological fluid, which makes the chain of magnetic particles in 

the magnetic field unbalanced and the magnetic particles will be rearranged. This 

process is simplified as a compression spring, and the elastic coefficient of the spring 

is unknown. The stiffness value k of the simplified magnetorheological flexible fixture 

system can be calculated from the magnetic field force F11  at the end equilibrium 

position of the starting spring and the final equilibrium position F12, as well as the 

deformation amount X. 

The work W done by the magnetic field force generated by the magnetic field 

action of the magnetorheological flexible fixture in one vibration period of the 

workpiece is: W = ∫ kxT0 dx = F11+F122 X                       (23) 

3.3. Research on stiffness distribution of fixture-workpiece system 

For researching the enhancement effect of magnetorheological flexible fixture on 

the stiffness of the weak part of thin-walled parts, the vibration displacement of a node 

in the weak part of thin-walled parts is measured, and the point stiffness of workpiece-

fixture coupling is calculated, so as to compare with the point stiffness of the weak part 

without magnetorheological flexible fixture. Place the workpiece to be tested in a 

magnetorheological flexible fixture, change the position of the workpiece in the 

container, inject different volumes of magnetorheological and test, and the field test is 

shown in Fig. 7. 

4. Milling experiment based on magnetorheological flexible fixture 

4.1. Milling experiment with single process parameters 

Selecting the optimal process parameters is the key factor to ensure the milling 

efficiency and surface quality of thin-walled part. Section 4.1 changes the spindle 
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speed, feed rate and milling depth respectively to explore the effects of milling 

parameters on the vibration during milling with or without magnetorheological fluid 

clamping mode. The single process parameter is shown in Table 1. 

Table 1. Experimental test scheme for single factor process parameters 

No 
Spindle speed 

(r/min) 

Cutting depth 

(mm) 

Feed rate  

(mm/min) 

1 8000 0.1 300 

2 10000 0.2 400 

3 12000 0.3 500 

4 14000 0.4 600 

Experimental equipment: machine tool (JD Carver S600B-RT) and acceleration 

sensor (Kistler 8763B100BB). ∅6mm  hard alloy flat-bottom milling cutter and 

aluminum alloy (7050) annular parts are selected, and the experiments are shown in 

Fig. 8 (a) and (b). Under the same processing number, with or without 

magnetorheological fluid clamping, the tool path is 10 mm. 

 
Fig. 8. Experimental machining. (a) mechanical clamping; (b) magnetorheological 

clamping. 

4.2. Milling case of magnetorheological flexible fixture 

Experimental steps: After turning the outer circle of aluminum alloy (7050), ∅4mm hard alloy flat-bottomed milling cutter and vice were used to rough mil the ∅26mm inner hole with a margin of 1 mm. The machining parameters were: rotational 

speed 10000 r/min, feed speed 400 mm/min, cutting depth 0.4 mm and processing depth 

17mm; Then, the magnetorheological flexible fixture is used to finish the remaining 

amount of the inner hole. The cutting tools are the same. The processing parameters 

are: rotational speed 10000 r/min, feeding speed 300 mm/min, cutting depth 0.3 mm 

and processing depth 17 mm. The processing site is shown in Fig. 8. 

5. Results and discussions 

5.1. Stiffness distribution analysis of thin-walled parts 

As shown in Fig. 9, the data measured through experiments are drawn. The impact 

force is 18 N, the upper surface stiffness value of frame-like thin-walled parts is 

relatively large, the deformation is small during milling, and the stiffness is minimum 

when the edge with small thickness is raised. Therefore, during milling, auxiliary 

support should be added to the parts with weak wall thickness or cantilever. 
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Fig. 9. Test results of workpiece point stiffness. 

5.2. Analysis of stiffness distribution of flexible fixture system 

When 4 L magnetorheological fluid is injected, the simulated magnetic field force 

and calculated stiffness are shown in Table 2. Eight test points are selected for stiffness 

testing of the workpiece, as shown in Fig. 10. From Table 2, it is found that the stiffness 

of the magnetorheological flexible fixture is different at different positions, among 

which the stiffness value of the symmetrical center is the lowest and presents a U-

shaped distribution. It can be seen that the phase change suppression vibration of the 

magnetorheological fluid is mainly used to reduce the resultant force of the 

magnetorheological fixture-workpiece system through the reverse magnetic field force, 

absorb the energy of workpiece vibration, and store it in the magnetorheological fluid. 

 
Fig. 10 Diagram of test points positions. 

Table 2. Calculation of fixture stiffness 

Position (mm) 
X-direction 

magnetic field force 
(N) 

Y-direction magnetic 
field force (N) 

Stiffness (N/m) 

100 223.84 22.425 0 

99 218.58 27.034 5260 

98 217.89 30.477 690 

97 219.95 23.784 2140 
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96 217.77 32.072 2180 

95 219.15 33.04 2620 

94 217.86 24.459 1090 

93 217.33 31.508 530 

5.3. Stiffness distribution analysis of fixture-workpiece system 

Table 3 shows that the stiffness of the workpiece at the same position is about 2-6 

times of the original when the magnetorheological flexible fixture is clamped compared 

with the workpiece without magnetorheological clamping. At the same time, the 

magnetorheological fluid fills half of the workpiece height to the whole workpiece 

height, and the workpiece stiffness does not change obviously. When the 

magnetorheological fluid covers the whole workpiece, the workpiece stiffness increases 

significantly. The magnetorheological fluid undergoes phase change under the 

influence of strong magnetic field and is completely attached to the outer surface of the 

workpiece. Therefore, the height of the workpiece wrapped by the magnetorheological 

fluid is equivalent to that of the workpiece being fixed. Only the workpiece above the 

magnetorheological fluid can vibrate. Therefore, the positioning depth in the clamping 

parameters should be reasonably considered when using the magnetorheological 

flexible fixture. 

According to the stiffness of magnetorheological fluid itself, its stiffness is far less 

than that of the workpiece. Dipole theory explains that magnetorheological fluid is 

equivalent to the combination of countless springs, which mainly reduces the resultant 

force on the workpiece, absorbs the energy excited by the outside world, suppresses the 

vibration, and reduces the amplitude of the vibration of the workpiece. 

Table 3. Calculation of coupling stiffness of magnetorheological flexible fixture 

Experiment number 
height h

（mm） 

Y-direction 

displacement（um） 

stiffness

（N/m） 

1 0 39.6 6.06 × 105 

2 100 17.3 1.84 × 106 

3 125 28.4 1.12 × 106 

4 150 20.4 1.56 × 106 

5 175 14.9 2.14 × 106 

6 200 18.2 1.75 × 106 

7 225 24.1 3.98 × 106 

5.4. Analysis of milling results with single process parameters 

(1). Influence of spindle speed on workpiece vibration 

As shown in Fig. 11, with or without MRF clamping the workpiece, the maximum 

acceleration in Ax, Ay and Az directions at 8000 (r/min), 10000 (r/min), 12000 (r/min) 
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and 14000 (r/min) spindle speeds is shown. As can be seen from the figure, the spindle 

speed increases, the acceleration will decrease slightly, but the amplitude is very small, 

which shows that the spindle speed is not the main factor affecting the vibration 

acceleration. For improving the milling quality, the spindle speed of finishing can be 

appropriately increased to reduce the vibration acceleration. The vibration with MRF 

clamping mode is less than that without MRF clamping, Az, Ay and Ax decrease by 

10.78%, 26.87% and 25.16% respectively. 

 
Fig. 11. Influence of spindle speed on vibration acceleration. 

(2). Influence of depth of cut on workpiece vibration 

Fig. 12 shows the maximum vibration acceleration in Ax, Ay and Az directions 

with or without MRF clamping workpieces and cutting depths of 0.1 mm, 0.2 mm, 0.3 

mm and 0.4 mm respectively. It is found from the figure that the vibration acceleration 

increases obviously as the cutting depth increases, which indicates that the cutting depth 

is one of the main factors affecting the vibration of the part. The vibration acceleration 

with MRF clamping mode is less than that without MRF clamping, and Az, Ay and Ax 

decrease by 17.66%, 23.12% and 18.91% respectively. 

 
Fig. 12. Effect of cutting depth on vibration acceleration. 

(3). Influence of feed speed on workpiece vibration 

In numerical control machining, the feed rate is also one of the important process 

parameters to be considered. As shown in Fig. 13, the maximum vibration acceleration 
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in Ax, Ay and Az directions is shown when the feed rates are 300 (mm/min), 400 

(mm/min), 500 (mm/min) and 600 (mm/min) respectively with or without MRF 

clamping mode. As can be seen from Figure 11, with the increase of the feed rate, the 

vibration acceleration of the workpiece will also increase significantly, indicating that 

the feed rate is also one of the relationship factors affecting the cutting force. When the 

feed rates are 300 mm/min and 400 mm/min, the vibration acceleration changes little, 

while the cutting force increases greatly when the feed rates are 400 mm/min to 500 

mm/min. The cutting force with MRF clamping mode is less than that without MRF 

clamping, and Az, Ay and Ax decrease by 12.03%, 15.78% and 14.38% respectively. 

 
Fig. 13. Effect of feed speed on vibration acceleration. 

Based on the analysis of milling results with single process parameter, no matter 

how the milling parameters change, the vibration acceleration Ay in Y direction (groove 

width direction) is always greater than that in X direction (feed direction), which shows 

that the impact force on milling cutter in groove width direction is greater than that in 

feed direction, so the groove width is obviously affected by cutting vibration. This is 

due to the constraint of the feed component force, the load borne by the milling cutter 

in the X direction is much more stable than that in the Y direction, so the vibration 

acceleration in the X direction is less than that in the Y direction. The Z direction is the 

spindle direction of the machine tool, with strong stiffness, and the cutting vibration 

has little influence in this direction. 

5.5. Analysis of milling test results of magnetorheological flexible 

fixture 

(1). Coaxiality test of the workpiece 

The coaxiality and roundness of thin-walled parts are separately tested by a three-

coordinate measuring instrument (PMM-C 8.10.6) and cylindricity meter (Talyrond 

565). The measurements are shown in Fig. 14 and Fig. 15. The results are as follows: 

Table 4. The coaxiality value of the workpiece clamped by 

mechanical/magnetorheological composite is smaller than that of the workpiece 

clamped by mechanical, with a decrease of 13.85%, the cylindricity of the cylinder with 

a diameter of 24 mm is reduced by 36.73%, and the cylindricity of the cylinder with a 

diameter of 30 mm is reduced by 28.29%. It can be seen that 

mechanical/magnetorheological composite clamping small pot is obviously better than 

mechanical clamping. 
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Fig. 14 Coaxiality test                 Fig. 15 Roughness measurement 

Table 4. Coaxiality of thin-wall parts with circular groove 

Clamping methods Coaxiality 
Diameter 24 mm 

cylindricity 

Diameter 30 mm 
cylindricity 

Mechanical clamping 0.013 0.0076 0.094 

Momposite clamping 0.0112 0.0047 0.0674 

(2). Roughness measurement of thin-walled parts 

The roughness of irregular thin-walled parts is tested by TAYLOR HOBSON 

roughness profiler, as shown in Fig. 15. The roughness of thin-walled parts processed 

by magnetorheological flexible fixture is measured, and the measurement results are 

shown in Table 5. Among them, the first group of test points are cylinders with a 

diameter of 24 mm at the bottom of the workpiece, the second group is cylinders with 

a wall thickness of 1.5 mm at the thinnest part of the workpiece, the third group is 

cylinders with a diameter of 39 mm at the upper part of the workpiece, and the fourth 

group is the inner wall roughness of holes with a diameter of 27 mm. 

Table 5. Test results of workpiece roughness 

Test point Group 1 Group 2 Group 3 Group 4 

   Ra (μm) 0.26 0.30 0.25 0.73 

   Rz (μm) 1.18 1.27 1.31 3.05 

   Rq (μm) 0.32 0.36 0.34 0.96 

From Table 5, it is shown that the roughness of the outer surface of the part is 

related to the wall thickness of the workpiece. The roughness is the largest where the 

wall thickness is the smallest, and the roughness value of the inner surface is larger than 

that of the outer surface. This is because the hole is the last machining process, the 

removal rate of the workpiece is large, and the stiffness is small. 

Table 6. Comparison of workpiece roughness in different clamping methods 

Test point 2 
Mechanical 

clamping 

Magnetorheological 
clamping 

Mechanical/Magnetorheological 
clamping 

Ra(μm) 1.33 0.65 0.30 

Rz(μm) 6.47 3.25 1.27 

Rq(μm) 1.58 0.76 0.36 
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As can be seen from Table 6, the roughness values Ra, Rz and Rq of the 

mechanical/magnetorheological composite clamping method in milling thin-walled 

parts are 77.44%, 80.47% and 77.21% lower than those of mechanical clamping 

respectively. Compared with magnetorheological clamping, it is reduced by 53.84%, 

60.92% and 52.63% respectively. 

6. Conclusion 

In this paper, the vibration and weak stiffness in the machining process of 

workpiece are studied. Compared with the clamping effect of traditional clamping tools, 

it is found that magnetorheological flexible clamping tools can obviously improve the 

surface machining quality of parts. Considering single process parameter milling, 

optimization suggestions are put forward for the machining process. The conclusions 

are exhibited as follows: 

1. Compared with the traditional fixture clamping, the milling vibration 

acceleration Az, Ay and Ax are reduced by 10.78%, 26.87% and 25.16% at most, 

respectively, and the vibration of the workpiece can be reduced by appropriately 

increasing the rotational speed; As the cutting depth increases, the vibration increases. 

The vibration acceleration with MRF clamping mode is less than that without MRF 

clamping, and Az, Ay and Ax decrease by 17.66%, 23.12% and 18.91% respectively. 

With the increase of feed speed and vibration, the cutting force with MRF clamping 

mode is less than that without MRF clamping, and Az, Ay and Ax decrease by 12.03%, 

15.78% and 14.38% respectively. 

2. The coaxiality value of mechanical/magnetorheological composite clamping 

workpiece is less than that of mechanical clamping, with a decrease of 13.85%, the 

cylindricity of 24mm diameter cylinder is reduced by 36.73%, and the cylindricity of 

30mm diameter cylinder is reduced by 28.29%. The roughness values Ra, Rz and Rq 

are 77.44%, 80.47% and 77.21% lower than those of mechanical clamping respectively, 

and 53.84%, 60.92% and 52.63% lower than those of magnetorheological clamping 

respectively. 
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Figures

Figure 1

The schematic diagram of magnetorheological �exible �xture.

Figure 2



Stress of bolts and V-shaped blocks when �xing thin-walled parts. (a) top view; (b) torque of the bolt.

Figure 3

Fixing of pressing plate. (a) front view; (b) top view.

Figure 4

Mechanical clamping and �xing. (a) front view; (b) top view.



Figure 5

Diagram of frame type aluminum alloy thin-walled part.



Figure 6

Stiffness test of thin-walled parts



Figure 7

Stiffness test of �exible �xture.

Figure 8

Experimental machining. (a) mechanical clamping; (b) magnetorheological clamping.



Figure 9

Test results of workpiece point stiffness.



Figure 10

Diagram of test points positions.



Figure 11

In�uence of spindle speed on vibration acceleration.



Figure 12

Effect of cutting depth on vibration acceleration.



Figure 13

Effect of feed speed on vibration acceleration.



Figure 14

Coaxiality test

Figure 15

Roughness measurement


