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Abstract. This study proposes a method for measuring the drag force acting on a spherical body 

dropping in the air. A cube corner is attached to a spherical body. The velocity is accurately 

measured using an optical interferometer as the calculation of the Doppler shift frequency. The 

Doppler shift frequency is the difference between the beat frequency and rest frequency. The beat 

frequency is the frequency difference between the signal beam and the reference beam. The rest 

frequency is the difference of the two frequency of the laser. Then displacement, acceleration, force, 

mechanical energy, energy lost and the drag force acting on the spherical body can be calculated 

from information about velocity obtained.  

1. Introduction 

In fluid dynamics, drag force is the force that acts opposite to the relative motion of the objects in 

the fluid. This force exists between two moving liquid surfaces or fluids and solids in contact. Unlike 

other friction force, such as dry friction that does not depend on velocity, drag force depends on 

velocity. The drag force is proportional to velocity for laminar flow and proportional to the square of 

the velocity for turbulent flow. Measurement of air drag is needed in many areas such as aircraft [1], 

[2], sports equipment [3]–[5], and bridge construction [6], [7].  

Measurement of the drag force is very complex. A direct measurement such as using the wind 

tunnel, although accurate, but highly impractical [8], for example, the wind tunnel testing facility is 

accessible and very expensive. 

Due to the difficulty of the drag force measurement, a lot of researcher estimates the projected 

frontal area to estimate the air drag [9], [10]. Estimation of the projected frontal area assumes that the 

drag coefficient is constant. However, the drag coefficient is not constant. The drag coefficient 

depends on many parameters i.e. Reynolds number, shape, orientation, secondary motion, the density 

ratio of particle and fluid, the intensity of fluid turbulence and acceleration of particle/fluid[11]–[14]. 

Several methods have been carried out in the measurement of air drag, i.e. using the wind tunnel 

[1]–[4] and using a high speed camera [15]. But there are drawbacks of these methods. As described 

previously, the use of wind tunnel is impractical and expensive, then, the fixture needed to support 

the object to be tested in the wind tunnel will probably affect the measured drag [16]. Then, 

measurements with the use of camera cannot measure the whole movement due to limitations of the 

field of vision of the camera [16]. 

 The authors have previously developed precision mechanical measurement methods known as 

the Levitation Mass Method. In this Levitation Mass Method (LMM), the inertial force of mass 

levitated using aerostatic linear bearing is used as the reference force imposed on the object to be 

tested. The inertial force is measured accurately using the optical interferometer. In this measurement 

method, this force is not measured directly. Force and other mechanical parameters such as 
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acceleration, velocity, and displacement derived from measurements of Doppler frequency shift 

using a laser interferometer [17]–[21]. LMM measurement method has been modified to measure the 

impact force of water surface and produced the accurate measurement of the impact force [22]. 

In this paper, we proposed the method for precision measurement of the drag force acting on a 

spherical body dropping in the air using modified LMM measurement. Measurement and data 

processing to obtain information about the drag force will be explained in this paper. 

2. Experiment 

Figure 1 shows the experimental set-up used in the precision measurement of the drag force acting 

on a spherical body falling in the air. This research used the spherical iron with the diameter 30.2 

mm as shown in Figure 2. A cube corner prism with the diameter 12.7 mm was placed on the iron 

ball which will reflect the light from the optical laser interferometer to be able to find out information 

about the movement of the iron ball accurately. The total mass of the spherical body system is 93.88 

grams. The detail of the spherical body system shown in Figure 3. 

 

 
Fig. 1. Experimental setup. CC = cube-corner prism, PBS = polarizing beam splitter, NPBS = 

non-polarizing beam splitter, GTP = Glan-Thompson prism, PD = photodiode, LD = laser diode, ADC 
= analog-to-digital converter, DAC = digital-to-analog converter 

 
 

 
Fig. 2. Photographs of the spherical body 
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Fig. 3. Dimensions of the spherical body 

 

 

The motion of the spherical body is affected by some forces, those forces are gravity, drag force 

and buoyancy force. The presence of the drag force and buoyancy force that act opposite to the 

direction of motion cause the loss of mechanical energy. By knowing the falling velocity and 

displacement, then the mechanical energy of the falling spherical body can be obtained. The velocity 

is obtained from the measured value of the Doppler frequency shift of the interferometer Dopplerf , 

which is expressed as follows: 
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Where airλ  is the wavelength of the laser beam, beatf  is the beat frequency. The beat frequency is 

the frequency difference between the signal beam and the reference beam. restf  is the frequency of 

rest, when the spherical body at rest on the stand, beatf  and restf  will have the same value. Then, 

from this velocity information, the displacement of the spherical body can be calculated. 

The sum of drag force and buoyancy force acting on the spherical body is obtained by calculating 

the mechanical energy lost at any time of the spherical body. The mechanical energy is the total 

energy which is the sum of kinetic energy and potential energy of the spherical body, where 
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Then the sum of drag force and buoyancy force acting on the spherical body is calculated using 

the equation 
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So, the drag force acting on the spherical object can be obtained by 
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Where kE  is the kinetic energy, pE  is potential energy, ME  is mechanical energy, m  is 

the mass of spherical body (93.88 grams), v  is the velocity of spherical body, g  is the 

gravitational acceleration, approximately 9.795 m/s2 at the experimental room, h  is the height 

(position) of the spherical body, BF  is the buoyancy force, airρ  is the density of air (1.2047 kg/m3), 

bodysphericalV _  is the volume of the spherical body and D  is the drag force acting on the spherical 

body. 

An optical interferometer is used to measure the velocities accurately. A Zeeman-type 

two-wavelength He-Ne laser with two frequencies with orthogonal polarization is used as the light 

source. The difference of the two frequencies; i.e. the rest frequency restf , is Approximately 3.0 MHz. 

A digitizer (NI PCI-5105, National Instruments Corp., USA) was used to record signals from the 

output of PD1 and PD2 with sample number 5 M for each channel, with the sampling rate 30 M 

samples per second and the resolution 8 bits. Measurement duration is 0.020 s. Frequency beatf  and

restf  accurately obtained from the digitized waveform output signal of PD1 and PD2 using 

Zero-Crossing Fitting Method (ZFM). In the calculation of the frequency by using ZFM, all zero 

crossing at each sampling interval is used to calculate the frequency. In this study, sampling interval 

used is N = 1000 periods. 

In this experiment, a hollow circular electromagnet is used to hold and release the spherical body. 

This electromagnet can be switched on and off manually. Then the recording of data by the digitizer 

is initiated using the trigger signal generated by the digital-to-analog-converter (DAC). This signal is 

activated by a light switch which is a combination of a laser diode and photodiode. 

3. Result 

Figure 4 shows the data processing of precision measurement of the drag force acting on a 

spherical body dropping in the air. Velocity v , displacement h , mechanical energy mE  can be 

calculated from the information of beatf  and restf  obtained from the optical interferometer. 

 
Fig. 4. Data processing procedure: Calculation of velocity and position from frequency 
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The presence of noise in the optical interferometer causes the decrease in the mechanical energy 

measured using this optical interferometer is not smooth. As seen in figure 5, fitting is done to the 

chart of mechanical energy decline of the spherical body. Fitting is done using order 2 polynomial 

fitting. 

Then the result is used to calculate the energy lost from the spherical body, and the drag force 

acting on the spherical body can be obtained. 

 
Fig. 5. Decrease in mechanical energy due to air drag 

 

 
Fig. 6. Energy lost obtained from fitted mechanical energy decrease 

 

 

From Figure 7, it appears that the drag force acting on the spherical body highly dependent on the 

velocity. It is observed that the greater the velocity of the falling spherical body, the greater is the 

drag force acting on it. 

Theoretically, the resistance force acting on an object moving in the air is the result of the 

acceleration of the air that being pushed to pass up the object. The object will push the air with a 

volume equal to the multiplication of the projected area and velocity. Acceleration of the gas is 

proportional to the velocity of the object relative to the air. The drag force is defined as 
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Where D  is the drag force, ρ  is the density of air, v  is the relative velocity of the material to 

the air, A  is the projected area ( 2rπ for a sphere), and DC  is the drag coefficient of the object. For 

a sphere, DC  is defined by the following equation [23]. 
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Re  is the Reynold number, a dimensionless number which is the ratio of inertial force to the 

viscous force. Re  is expressed by the following equation 

 



dv 
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Where d  is the diameter of the sphere and υ  is the kinematic viscosity of air. 

 
Fig. 7. Drag force obtained from energy lost 

 

Figure 8 shows the comparison between the drag force obtained using the proposed method and 

the drag force obtained theoretically using equation 9. From the graph, it can be seen that the 

experimental value using the proposed method produces slightly different results with the values 

obtained by theoretical calculation. This is due to the uncertainty caused by several things described 

in the discussion. Correlation between the velocity of the spherical body and the drag force can be 

observed clearly.  
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Fig. 8. Drag force obtained using proposed method and theoretical calculation. 

 

4. Discussion 

In this research there are some things that can cause uncertainty in the measurement of the drag 

force acting on a spherical body as it is falling in the air These includes: 

a. Optical alignment 

This uncertainty caused by the inclination of the signal beam by 1 mrad. 

b. Mass calibration 

Uncertainty in the measurement of the mass using the electric balance is 0.001 g. The uncertainty 

in the measurement due to the uncertainty of the mass will cause the uncertainty of the kinetic energy 

and potential energy that will cause the uncertainty of the drag obtained. 

c. Acceleration due to gravity 

Acceleration of gravity at the experimental room is estimated to be 9.795 m/s2. The uncertainty of 

gravity will lead to uncertainty in the calculation of potential energy and will contribute to the 

uncertainty in the calculation of the drag force. 

d. Noise from optical interferometer 

e. Frequency estimation using ZFM 

Errors in estimates of frequency beatf  and restf  will lead to errors in the calculation of velocity 

and position so that the errors will occur in the energy calculation. The errors obtained in the 

calculation of energy will result error in the calculation of the drag force in the air. 

5. Conclusion 

A new method for the precision measurement of the drag force acting on a spherical body falling 

in the air is proposed. The velocity of the spherical body is measured accurately using the optical 

interferometer with the sampling interval 1 ms. A cube corner prism is placed in the spherical body, 

so that the velocity can be measured accurately using the optical interferometer. The measured 

velocity is then used to obtain the position, the energy lost and the drag force of the spherical body. 
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