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Abstract. A force transducer-based plate dynamometer for milling force measurements is 
presented in this paper. The main components of the designed dynamometer were described, and 
experimental modal analysis was carried out while considering the dynamometer as a 1DOF 
system. The values of the main components of the 1DOF systems such as mass, damping 
coefficient, and equivalent stiffness were identified, and the natural frequency for rings and 
dynamometer was calculated. The calculated natural frequencies of components were found in 
reacceptance FRF, obtained by modal analysis done with an impact hammer. A MATLAB 
simulation was done to validate the system using the transfer function based on the modal test. 
Keywords: modal analysis, dynamometers, milling, experimental measurements. 

1. Introduction 

Milling is one of the most important manufacturing processes. As in all machining operations 
research, a very important subject refers to the dynamic behaviour of the manufacturing system 
considered as a dynamic mechanical system. The main problem associated with the cutting 
process is the appearance of the chatter, developed in different ways in turning, milling, drilling, 
etc. The chatter phenomenon was analysed in many papers, beginning with the years 50’ and 60’ 
[1]-[3]. One of the most difficult activities in machining process study, and in milling, in 
particular, is to do an accurate identification of the system dynamics and its parameters [4] and to 
accurately predict the cutting process mechanics through simulation [5].  

The considered mathematical models are based on classical damped lumped models with 
1DOF [6]-[9] or 2DOF [10]-[13]. The motion equations that describe the dynamic behaviour are 
time-periodic delay-differential equations which use modal data found by experimentally 
measuring frequency response functions (FRFs). The cutting force information can be found using 
specialised dynamometers. The best dynamometers that can be used are based on a flexural 
mechanism. Such devices have some advantages as simple design and assembly, low cost of 
manufacturing, monolith structure, linear relationship between applied force and displacement for 
small distortions, and continuous smooth displacement characteristics [14]. 

In this paper, a dynamometer made of two plates coupled with four octagonal elastic elements 
(rings) and force transducers mounted on the top plate in milling directions for dynamic milling 
forces measurements is presented and studied as 1DOF system. Compared with the laboratory 
dynamometers that use a strain gauges system the proposed one uses dedicated force transducers 
and accelerometers. The force transducers are calibrated and can measure tensile and compressive 
forces, and the frequency of dynamic forces. In comparison with the strain gauges, the system 
force transducer is easy to mount/unmount, have low-impedance output, and have a rigid 
construction with high stiffness.  
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2. Considerations on dynamometer design 

In milling modelling and simulation, it is necessary to measure the three forces developed 
during milling operations: feed force 𝐹௙, thrust force 𝐹௧ and main cutting force 𝐹௖. The 
components of the considered dynamometer are presented in Figs. 1-3. 

 
a) Top view 

 
b) Front view 

 
c) Side view (front) 

Fig. 1. Three views of the plate dynamometer 

 

 
a) Plan view 

 

 
b) Side view 

Fig. 2. Sketches of the dynamometer components 

 
a) Ring 

 
b) The top plate 

 
c) Bottom plate 

Fig. 3. Sketches of the dynamometer components 

The dynamometer was designed for using four force transducers type 8230 C 003 (Brűel & 
Kjær) that have the possibility to measure all the forces in dynamic range, and two TEDS 
accelerometers type 4507 B (Brűel & Kjær). The accelerometers and the force transducer were 
mounted as presented in Fig. 4 considering the directions 𝑂𝑥 and 𝑂𝑦 presented in Fig. 1.  

 
a) Direction 𝑂𝑥 

 
b) Direction 𝑂𝑦 

Fig. 4. Mounting positions of the force transducer 

The plate dynamometer presented in Figs. 1 and 4 was designed, by the authors, in the 
Mechanical Engineering Department from Transilvania University of Brașov. 

The major limitation of the dynamometer is given by the frequency bandwidth that can be 
achieved during the milling process. For a proper operation, the designed dynamometer should 
have a higher natural frequency than the dynamic frequency associated with the milling process, 
given by the relation [15]: 
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𝑓ௗ௬௡  =  𝑣௖𝑧60𝜋𝐷, (1)

where 𝑓ௗ௬௡ is the dynamic frequency calculated in kHz, 𝑣௖ represents the cutting speed expressed 
in mm/min, 𝑧 is the number of teeth, and 𝐷 is the diameter of the cutter measured in mm. 

Another important step that is necessary for dynamometer design is to find the natural 
frequency of the rings. The natural frequency involves stiffness calculation. The static ring 
stiffness, for milling dynamometers in case of normal force, can be calculated by the relation [16]: 

𝐾௦  =  𝐸𝑏𝑡40𝑟, (2)

where 𝐸 is the Young’s modulus (modulus of elasticity) in N/mm2, 𝑏 represents the width of the 
ring measured in mm, 𝑟 is the radius expressed in mm, and 𝑡 represents the thickness of the ring 
measured in mm. 

The specifications of the designed rings are 𝐸 = 2e5 N/mm2, 𝑏 = 20 mm, 𝑟 = 20 mm, and 𝑡 = 4.7 mm which resulted in a static stiffness of 𝐾௦ = 24,675 N/mm. The measured mass of the 
ring is 𝑚 = 0.153 kg, and considering the static stiffness results in a natural frequency of  𝑓௡௥ = 2021.17 Hz. Reported to the radial and tangential directions, in [17] there are presented the 
following relations for stiffness in radial direction 𝐾௥ and in tangential direction 𝐾௧: 𝑘௥  =  𝐸𝑏𝑡ଷ1.8𝑟ଷ, (3)𝑘௧  =  𝐸𝑏𝑡ଷ3.6𝑟ଷ. (4)

Considering above mentioned data for dimensions in relations Eqs. (3) and (4) there are 
obtained the values 𝑘௥ = 30.28e6 N/m, and 𝑘௧ = 15.14e6 N/m. 

3. Modal test of the dynamometer considered as 1DOF system 

Modal parameters of any structure can be found using one of the experimental modal methods: 
with impact hammer excitation or with shaker excitation. In the present paper, the impact hammer 
excitation method was used, an impact hammer type 8207 (Brűel & Kjær), and the Platform 
PULSE 12 (Brűel & Kjær) which have its own software for data acquisition and data processing 
(Fig. 5). The data acquisition system presented in Fig. 5 is used in the Mechanical Engineering 
Department from Transilvania University of Brașov, Romania.  

In tests, the bottom plate is fixed and an impact force was introduced on the upper, resulting 
in vibration signals being generated in both considered directions.  

 
Fig. 5. Data acquisition system 

The hits were applied on the opposite side of the points where are mounted the force 
transducers. There applied a number of 10 hits and a linear average of the values were done. The 
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measurements were done for 𝑂𝑥 direction (Fig. 5) and 𝑂𝑦 direction (Fig. 6). The upper plate and 
the four rings were considered as a 1DOF that is governed by the motion equation: 𝑚௣Δሷ + 𝑐Δሶ + 𝑘Δ = 𝐹ሺ𝑡ሻ, (5)

where 𝑚௣ is the upper plate mass, 𝑐 is the damping constant, and 𝑘 is the stiffness of the system. 
The mass of the upper plate of the designed dynamometer is 𝑚௣ = 6.6 kg and the rings are 

parallel connected and they have an equivalent stiffness of 𝑘௘௤ = 90.84e6 N/m. 
For the data of the mass 𝑚௣ and stiffness 𝑘 the natural frequency can be calculated with the 

relation: 

𝑓௡ = 12𝜋ඨ 𝑘𝑚௣. (6)

Introducing the calculated data, the mass 𝑚௣ and stiffness 𝑘 the natural frequency of the 
dynamometer considered as 1DOF is 𝑓௡ௗ = 590.45 Hz, and the rotational frequency 
corresponding to 𝑓௡ is 𝑤௡ = 3709.93 s-1. The identification of the system involves obtaining the 
damping constant 𝑐. From the test, the obtained responses are presented in Figs. 6-7. 

 
a) Hammer signal 

 
b) Force transducer signal 

Fig. 6. Signals recorded in 𝑂𝑥 direction 

 
a) Hammer signal 

 
b) Force transducer signal 

Fig. 7. Signals recorded in 𝑂𝑦 direction 

As it can be seen the values of the dynamometer for both considered directions are typical for 
1DOF-damped systems. The measured values are presented in Table 1. 

Table 1. Modal parameters 
Hit direction Time [ms] Force value [N] n Hit direction Time [ms] Force value [N] 𝑛 𝑂𝑥 10.996 5.063 6 𝑂𝑦 10.996 5.063 6 14.404 3.013 14.106 3.013 

As it is known from the theory of vibration applied for the 1DOF it can be found the 
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logarithmic decrement 𝛿 considering the relation: 

𝛿 = 1𝑛 ln 𝐴ሺ𝑡ሻ𝐴ሺ𝑡 +  𝑛𝑇ሻ, (7)

where 𝐴ሺ𝑡ሻ is the amplitude of the signal at the moment 𝑡, 𝐴ሺ𝑡 + 𝑛𝑇ሻ is the amplitude of the 
signal after 𝑛 periods 𝑇, and 𝑛 is any integer number of successive, positive peaks. 

From the data presented in Table 1 the following values were obtained: in 𝑂𝑥 direction  𝛿௫ = 0.331, and in 𝑂𝑦 direction 𝛿௬ = 0.191. As results from the values of 𝛿௫ and 𝛿௬ the damping 
effect is different in the two considered directions. 

The values of the damping ratio 𝜁 are given by the: 

𝜁 = 1ට1 + ቀ2𝜋𝛿 ቁଶ. (8)

The values of the damping ratio in both directions, calculated with Eq. (7) are 𝜁௫ = 0.052 and 𝜁௬ = 0.03. Considering the relations of damping constant: 𝑐𝑚 = 2𝜁𝜔௡, (9)

one can calculate these constants in both directions taking into consideration the values of 𝑚௣, 𝜔௡, 𝜁௫ and 𝜁௬: 𝑐௫ = 2546.49 Ns/m, and 𝑐௬ = 1469.13 Ns/m. 
From the experimental data one can conclude that the dynamometer has two different motions 

that can be modelled by equations written on 𝑂𝑥 direction and on 𝑂𝑦 direction, as a 1DOF system: 6.6𝑥ሷ + 2546.49𝑥ሶ + 90.84 ⋅ 10଺𝑥 = 𝐹௧ = 𝐹௫, (10)6.6𝑦ሷ + 1469.13𝑦ሶ + 90.84 ⋅ 10଺𝑦 = 𝐹௥ = 𝐹௬. (11)

Based on Eqs. (9) and (10) there were simulated in MATLAB the responses of the system on 𝑂𝑥 and 𝑂𝑦 directions (Fig. 8). 

 
a) On 𝑂𝑥 direction 

 
b) On 𝑂𝑦 direction 

Fig. 8. System simulated response 

Concurrently the receptance FRF of the displacements was measured by double integration of 
the acceleration signal recorded by both accelerometers and the input signal was the signal 
generated by hitting the structure with the hammer (Fig. 9). 

In the above presentation the natural frequency for the ring (𝑓௡௥ = 2021.17 Hz), and for the 
dynamometer, which is considered as a 1DOF system (𝑓௡ௗ = 590.45 Hz). Analysing the obtained 
values in FRFs from Fig. 9 one can identify a resonant frequency of 600 Hz and another of 
2016 Hz which are close to the calculated values. 
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a) On 𝑂𝑥 direction 

 
b) On 𝑂𝑦 direction 

Fig. 9. The measured FRF  

4. Conclusions 

In the presented work, a designed dynamometer with dynamic force transducers for milling 
forces measurements has been presented. The proposed dynamometer dynamic behaviour was 
analysed as a 1DOF system considering the impact hammer test on the two normal directions that 
are coincidences with the directions of the milling cutting forces. Based on calculation and on the 
modal experiment the parameters needed to formulate the equations of motion on considered 
directions were obtained. The strain gauges system for force measuring was replaced with four 
calibrated load cells and accelerometers. The use of calibrated cells offers flexibility in 
measurements of a wide range of forces due to their easy assembly. The modal analysis of the 
designed plate dynamometer proves that the technique used in data acquisition can provide 
accurate data in measuring cutting forces. 
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