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In this study, the digital image correlation (DIC) techniques have been used to analyze the motion during the 

collisions. The spline interpolation along with two dimensional Fast Fourier Transform (FFT) cross correlation 

has been used in order to increase the accuracy and decrease the computation time of the method respectively. 

Three different examples have been analyzed: normal impact of a metal rod with a 3D printed polymer flat, 

oblique impact of a tennis ball with a tennis racket, and oblique impact of a lacrosse ball with a wooden flat. A 

speckle pattern study has been done to find the optimum pattern for the DIC technique. For the normal impact 

of the rod, the velocity during the impact have been measured. The normal velocity has been found by the DIC 

technique. For the oblique impact of the balls, the linear and angular motion have been calculated during the 

impact. The velocity field on the ball surface has been measured using the DIC technique. The Hough transform 

method has been used in combination with the measured velocity field to find the velocity of the centroid of the 

balls. The angular velocity during the impact has been found using the velocity field of the surface of the ball. It 

has been shown that the DIC technique can be used to measure the motion of colliding objects. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

Measuring and predicting the motion of objects during the impact

as been a challenge for centuries. The complexities of these measure-

ents come from two main features of mechanical impact: short impact

uration and small deformation. The impact duration is estimated to be

n the order of microseconds for metals and no more than milliseconds

or softer materials such as strong rubber. On the other hand, the defor-

ation during the impact is very small for a low initial impact velocity.

There have been many efforts on measuring the motion of the ob-

ects during the impact; however, in most cases the accuracy is not high

nough compared to the scale of deformation on the objects to trust the

easurements. Stoianovici and Hurmuzlu [1] used a high speed cam-

ra with 1000 frames per second (fps) to track the motion of a metal

od impacting a flat. A digital camera was used to measure the veloci-

ies before and after the impact. The motion during the impact was not

ecorded. An electrical circuit was used to measure the contact time.

he study showed that multiple impacts would occur during a single

blique impact. Minamoto and Kawamura [2] measured the impact du-

ation and the coefficient of restitution using an electrical circuit and an

mage processing technique. 
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The image processing techniques have been used to measure the

otion of the impacting objects. Although studies such as Kharaz and

orham [3–5] , Ghaednia et al. [6–10] , Marghitu et al. [11] , and Pfeiffer

12] measure the coefficient of restitution using image processing tech-

iques, they are limited to the motion before and after the impact. Sim-

le image processing methods such as tracking an object [6–8] can pro-

ide one-pixel accuracy for the position measurement. However, one-

ixel accuracy is not enough when dealing with an impact problem since

he displacement during the impact is smaller than the accuracy. 

The motion of spheres such as different types of sport balls have been

tudied by many researchers. Laurent et al. [13] used a high speed cam-

ra to analyze the impact of spheres, but the measurements were limited

o before and after the collisions. They used edge detection and clus-

ering techniques in order to find the position of the spheres. They im-

roved the accuracy with sub-pixel expansion. Goodwill et al. [14] stud-

ed the impact between a tennis ball and a racket and measured the ball

otation using an image processing technique [15] . The velocity and

otation of the ball before and after the impact were calculated auto-

atically with a specialized software. Haake et al. [16] captured the

otion of a tennis ball during the contact with a string bed at high fre-

uency; however, no information was obtained during the impact other

han the contact time. Allen et al. [17] used a high speed camera in or-
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Fig. 1. Spline interpolation for a 15 × 15 pixel interrogation window (a) the original 

image, (b) spline interpolation with 5 extra points in between pixels. 
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er to capture the impact of a tennis ball with a racket and compared

he results with finite element simulations. 

Cross [18–20] studied different types of sports balls in terms of their

ouncing behavior. He used a video camera at low fps rate and calcu-

ated the rotation of the ball before and after the bounce. Grip and slip

hases of the bounce were visually analyzed with a high speed cam-

ra by Cross [21] . Cross [22,23] studied the oblique impact of a hollow

ubber ball and measured the angular velocity of the ball during the im-

act. He used a manual image processing technique, which was limited

o higher impact velocities. Rezaei et al. [24] studied oblique impact of

 soccer ball and used a high speed camera in order to track the motion

f the ball. The tracking of the ball was automatic but the accuracy was

ow, the error for the position of the center of the ball was 2 pixels, and

o experimental result was obtained during the impact. 

Numerical derivations on the position can be used to measure the

elocity and acceleration (and ultimately the contact force), but numer-

cal derivations decrease the accuracy significantly. Therefore, sub-pixel

ccuracy is needed for the image processing methods. 

Accelerometers can be used to measure the impact characteristics.

hey are commonly used as an impact detection sensors for robots.

hese sensors can be used to measure the contact force during the im-

act by measuring the acceleration; however, they change the surface

haracteristic, which affects the contact forces especially the friction

orce. 

The digitial image correlation (DIC) methods are widely used for

isplacement, strain, and thermal expansion measurements [25,26] . Al-

hough DIC methods are highly accurate and need simple experimental

etup, they are computationally expensive when used for several im-

ges. DIC methods have been started with the work of Peters and Ran-

on [27] with one-pixel accuracy and later were improved by Sutton

t al. [28] for sub-pixel accuracy with a method called the coarse-fine

ethod. Although Sutton et al. used linear interpolation between pixels,

he accuracy was not enough for the strain measurements. Later, Bruck

29] introduced a revolutionary method by using the Newton–Raphson

NR) search method. Bruck [29] used bi-cubic interpolation instead of

ilinear interpolation. The accuracy and the computational time of the

ethod increased by an order of magnitude. Davis and Freeman [30] ,

nd Jin and Bao [31] developed the gradient method and the curve

tting method respectively. Both of the methods are faster than the NR

earch analysis; however, they are less accurate. Chen [32,33] improved

he accuracy of the NR method by using spline interpolation instead of

i-cubic interpolation. Pan et al. [34–38] developed several methods to

ecrease the computational time of NR-DIC and provided a complete

eview of DIC methods in details [25] . 

In this paper, we focus on using the DIC method for the collision

roblems. Impact problems have two main complexities for image pro-

essing methods. First, there is a large number of the frames to ana-

yze, which increases the computation time significantly. Second both

arge and very small displacements occur at the same time. Digital im-

ge correlation methods provide better accuracy for a video recorded

ith higher frequency. On the other hand, higher frequency requires

onger computational time to process the videos. Spline interpolation

sed in [33] and Fast Fourier Transform (FFT) cross correlation meth-

ds [39–44] usually used in particle image velocimetery (PIV) are com-

ined. The Fast Fourier Transform [44] has been employed to decrease

he computation time. Spline interpolation has been used to get to sub-

ixel accuracy and to capture small deformations during the impact. It

as shown by Willert and Gharib [44] that the sub-pixel accuracy can

e achieved in FFT correlation by implementing a Gaussian fit on the

orrelation peak function. We have shown later in the paper that for

ery small displacements direct interpolation on the interrogation win-

ows before the FFT cross correlation is more accurate. An analysis on

he speckle pattern has been also done in order to increase the accuracy

f the method. To our best knowledge the DIC methods have not pre-

iously been employed to calculate the motion during the impact. Our

tudy can be considered one of the first works to show the potential of
837 
he DIC methods to measure the linear and the angular velocities during

he impact. 

. Method 

The digital image correlation technique is used to calculate the dis-

lacement field on an image. The idea is to track a randomly generated

attern, called a speckle pattern. The speckle pattern is made on the ob-

ects by spraying white or black paint. Black ink has been used in this

tudy to generate the speckle pattern on the objects. Later in this pa-

er, a short optimization of the speckle patterns will be discussed. We

se black and white images, where an 8-bit number is assigned to each

ixel. The image is divided into square or circular interrogation win-

ows depending on the type of study. The spline interpolation has been

sed to increase the accuracy from pixel to sub-pixel. Figure 1 (a) shows

n example of a spline interpolation for a 15 × 15 pixel interrogation

indow. A spline interpolation with 5 extra points in the middle of each

wo pixels has been shown in Fig. 1 (b). Although increasing the num-

er of extra points for the interpolation would improve the accuracy

f the method, it would also increase the computation time drastically.

or each experiment, the number of the interpolation points has been

ncreased until the measurements converge to a constant value. 

Next, FFT cross correlation [39–44] has been implemented for each

f the interrogation windows to find the displacement of the center for

ach window during the next frames. The Fast Fourier Transform cross

orrelation tries to find the spacial shift between one interrogation win-

ow at one image to the counterpart interrogation window in the other

mage. Assuming the interrogation window in the first image to be a 2

imensional array, f ( m, n ) and the counterpart interrogation window in

he second image to be, g ( m, n ), one can relate these two interrogation

indows via the spacial displacement function, s ( m, n ) [44] : 

( 𝑚, 𝑛 ) = [ 𝑓 ( 𝑚, 𝑛 ) ∗ 𝑠 ( 𝑚, 𝑛 ) ] + 𝑑( 𝑚, 𝑛 ) , (1)

here ∗ denotes the spacial convolution of the f and s , and d ( m, n ) is

he error or noise, which is the direct result of particles moving off the

dges of the interrogation windows or out of plane motion of the speckle

attern. Eq. (1 ) can be rewritten for the discrete case as: 

( 𝑚, 𝑛 ) = 

[ ∞∑
𝑘 =−∞

∞∑
𝑙=−∞

𝑠 ( 𝑘 − 𝑚, 𝑙 − 𝑛 ) 𝑓 ( 𝑘, 𝑙) 

] 

+ 𝑑( 𝑚, 𝑛 ) . (2)

he displacement function, s ( m, n ) for the discrete case is the Dirac delta

unction 𝛿( 𝑚 − 𝑖, 𝑛 − 𝑗) , which is displaced from the origin by i and j .

he displacement of the Dirac delta function corresponds to the average

isplacement of the particles in the sampled region. The statistical tech-

ique of spacial cross correlation can be used to find the displacement

unction for the discrete case. The correlation coefficient function can

e described as: 

𝑓𝑔 ( 𝑚, 𝑛 ) = 

∑∞
𝑘 =−∞

∑∞
𝑙=−∞ 𝑓 ( 𝑘, 𝑙) 𝑔( 𝑘 + 𝑚, 𝑙 + 𝑛 ) ∑∞ ∑∞ 𝑓 ( 𝑘, 𝑙) 

∑∞ ∑∞ 𝑔( 𝑘, 𝑙) 
, (3)
𝑘 =−∞ 𝑙=−∞ 𝑘 =−∞ 𝑙=−∞
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here higher values of 𝜙 show that many particles in the first image

atch up with the specially shifted particles in the second image. The

eak position of the 𝜙 shows the displacement function. 

Statistical Correlation method is accurate but also computationally

ery expensive. By neglecting the noise effect, d ( m, n ), Eq. (1) can be

ewritten with the discrete Fourier transforms of F, G , and S as: 

( 𝑚, 𝑛 ) ≈ 𝑓 ( 𝑚, 𝑛 ) ∗ 𝑠 ( 𝑚, 𝑛 ) ⇔ 𝐺( 𝑢, 𝑣 ) ≈ 𝐹 ( 𝑢, 𝑣 ) 𝑆( 𝑢, 𝑣 ) . (4)

n approximation for S ( u, v ) can be obtained using Eq. (4) if the noise

an be neglected. By inversely transforming S ( u, v ), the desired displace-

ent function s ( m, n ) can be obtained. Although the implementation of

FT for cross correlation is simple, the method is very sensitive to the

ffect of the noise, d ( m, n ) [44] . According to Willert and Gharib [44] ,

he displacement function needs to be measured in sub-pixel accuracy

o achieve sufficient resolution in the particle displacement values. This

an be done by fitting a Gaussian or other functions on the correlation

eak function rather than the direct interpolation of the interrogation

indows. Later in the paper, we are comparing the direct interpolation

f the interrogation windows and the interpolation of the correlation

eak function. 

Finding the velocity field is not enough to track a certain point on

n object. To study the motion of a sphere, one needs to measure the

elocity of the centroid of the sphere. Therefore, the position of the

entroid of the sphere is needed. A combination of position tracking

ethod along with the DIC method is required. The Hough transform

ethod [45,46] is one way to track the positions of the objects. In this

ork, the Hough transform method has been used to track the position

f the centroid of the sphere, and the velocity of the center of the ball

as been calculated using the measured velocity field. 

. Speckle pattern study and validation 

To validate the image processing method ’s implementation for the

inear and angular motion, a video generator has been made. A picture

f the object has been used in the video generator with known angular

elocity and linear motion of the centroid of the ball. Later, the gen-

rated video is analyzed using the DIC method to validate the method

nd its implementation. The speckle pattern on the objects is another im-

ortant parameter to be analyzed. There are a few studies [47–50] for

he speckle pattern for strain measurements, but to our best knowledge,

here is no comprehensive study on the speckle pattern for the dynamic

roblems such as impact where large and small displacements and ro-

ations can be observed together. 

Figure 2 shows six different patterns that have been used for the

peckle pattern study. The tennis balls Fig. 2 (a)–(d), and the lacrosse

alls Fig. 2 (e) and (f) have been painted with black ink to keep the

urface characteristic nearly unchanged. Patterns (a)–(d) show four dif-

erent speckle sizes with three different densities from I to III. For the

implicity, we will reference balls by their indexes represented in Fig. 2 .

or example, Fig. 2 (a)I will be called as the ball (a)I. Balls (e) and (f)

how the combination of different sizes of speckles. Balls (f) also have

 few straight lines in addition to the speckles. The images have been

aptured with a high speed camera at 10 000 fps, which was also used

or the experiments. 

The speckles on the balls (a) have an average area of 4 pixels with

ifferent densities of dark pixels, with I being 9%, II being 17%, and III

eing 24%. For the balls (b), the average area of the speckles is 10 pix-

ls with densities 13%, 19%, and 31% for I, II, and III, respectively. The

alls (c) have average speckle areas of 20 pixels with densities 14%,

8%, and 27% for I, II, and III, respectively. The balls (d) have an av-

rage speckle areas of 250 pixels with densities 22%, 30%, 43% for I to

II, respectively. 

The ball (e)I has a combination of different speckle sizes from 4 to

0 pixels with a density of 54%. The combination of speckle areas is

rom 2 to 40 pixels for the ball (e)II. The shapes of the speckles for the

alls (e) are also random, unlike the circular shapes for the other balls.
838 
he ball (f)I has different size of speckles ranging from 4 to 20 pixels

ith 27% density. Speckles from 4 to 80 pixels with density of 52% are

sed for the ball (f)II. The balls shown in Fig. 2 have been used along

ith the video generator to analyze four different motions: translation

n one direction, translation in two directions, pure rotation, and general

otion. Six different velocities for the linear motion have been selected,

 = 0 . 0 , 0 . 1 , 0 . 5 , 1 . 0 , 1 . 5 , 2 . 0 pixel/frame. Four different angular veloc-

ties have been used for the error analysis, 𝜔 = 0 , 1 , 2 , 3 deg/frame. The

rror analysis has been implemented for the possible combination of

hese velocities for both horizontal and vertical directions and angular

elocity. The digital image correlation method has been implemented

ith 5 points spline interpolation between pixels for all the speckle pat-

ern types. Finally, for each speckle pattern type, 144 movies have been

enerated and analyzed to verify the applicability of the method for

ifferent speckle patterns. 

The first case is the translation in one direction. The video is 1 fps,

nd the displacement rate changes from 0.1 to 2 pixel/frame. The errors

or the linear motion and the rotation are shown in pixel/frame and

eg/frame respectively. Figure 3 shows the mean absolute error of the

isplacement rate measurement for all of the balls. The ball (e)I shows

he least errors with 0.02 pixel/frame in X direction, 0.03 pixel/frame

n Y direction, and 0.01 deg/frame for the rotation measurement. The

all (d)III shows the largest error as expected. The balls (a)III and (b)III

how around 0.03 pixel/frame error; however, the standard deviation

or these two speckle types is slightly larger than ball (e)I. 

The second case is the translation in two directions with 25 differ-

nt velocities ranging from, 𝑣 = 0 . 1 ̂𝚤 + 0 . 1 ̂𝚥 to 𝑣 = 2 ̂𝚤 + 2 ̂𝚥 pixel/frame.

igure 4 shows the mean absolute error of the displacement rate for this

ranslation case. The ball (e)II shows the least error and standard devi-

tion with 0.02 and 0.02 pixel/frame in X and Y directions respectively

nd 0.005 deg/frame for the rotation. The balls (e)I, (a)III and (b)III also

how acceptable errors. The balls (d)I-III show the largest error, which

s similar to the first case. There is a trend in the results that the accu-

acy increases as the density of the dark pixels increases for the balls

a), (b), (c), (e) and (f). The method used here consists two simultane-

us analyses, the Hough transform method to track the center of the

all, and the DIC to find the velocity field on the surface of the colliding

bjects. Both of these analysis are affected by the size and density of

he speckles. As the speckle density increases the accuracy of the Hough

ransform method decreases, since the speckles are disrupting the edges

f the objects. This decreases the accuracy of the position tracking as

ell as the measurement of the velocity at the center of the balls. On

he other hand, Fig. 4 shows that for all three (a), (b), and (c) balls, as

he density increases, the accuracy of the method increases. This comes

rom the fact that finding the correct peak is harder when there are less

ots in each interrogation window. For the size of the speckles, how-

ver, the trend is not the same as can be seen in Fig. 4 . The ball (b)3

ith speckle size smaller than ball (c)3 and larger than ball (a)3 shows

he most accurate results. This trend is caused by the size of the speckles

ncreasing as the correlation peaks become more flat, therefore decreas-

ng the accuracy of the method. Hence, there is a balance between the

ize and the density of the speckle patterns; density helps with the pre-

ision, while the size affects the accuracy of the method. 

The third case is pure rotation of the ball with an angular velocity

anging from, �⃗� = 1 ̂𝑘 to �⃗� = 3 ̂𝑘 deg/frame. Figure 5 shows the mean ab-

olute error of the rotation measurement in deg/frame. By neglecting the

eformations on the ball during the impact, the ball can be assumed to

e a rigid body. The relative velocity of any two interrogation windows,

easured from the velocity field, can be used to calculate the angular

elocity. The rotation is calculated from the velocity field by solving

nd averaging omega for all of the interrogation windows on the ball.

alls (e)I and (e)II show the least errors with 0.05 and 0.15 deg/frame

espectively. The error in the linear velocity measurements comes from

he position measurement that has been done by the Hough transform

ethod. The balls (f)I and II, (b)III and (a)III also show acceptable errors

round 0.4 deg/frame. 
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Fig. 2. Speckle patterns used in this study, (a)–(f) show different speckle patterns and indexes I to III show different densities for each speckle pattern with I and III being the least and 

most dense respectively. 

839 
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Fig. 3. Speckle pattern study for translation in one direction. 

Fig. 4. Speckle pattern study for translation in two directions. 

Fig. 5. Speckle pattern study for pure rotation. 

Fig. 6. Speckle pattern study for general motion. 
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Using circular or ring interrogation windows is another method to

alculate the rotation. This method is applied for our experimental re-

ults for the impact of a tennis ball with a racket. It has been shown in

his study that ring-shape interrogation windows can be a good alterna-

ive for some cases. 

The final case is the general motion for 75 different veloci-

ies with the linear velocity ranging from, 𝑣 = 0 . 1 ̂𝚤 + 0 . 1 ̂𝚥 to 𝑣 = 2 ̂𝚤 +
 ̂𝚥 pixel/frame, and the angular velocity ranging from, �⃗� = 1 ̂𝑘 to �⃗� =
 ̂𝑘 deg/frame. Figure 6 shows the mean absolute error of the displace-

ent rate and rotation measurement for all of the balls. It can be seen

hat the balls (e) and (f) perform better than the other balls for this case,

specially for the rotation. The existence of linear motion and rotation

auses the speckles on the balls to undergo large and small displace-

ents. For example, if the centroid of the ball has a velocity on the

ositive horizontal direction, and the angular velocity is counterclock-

ise, top of the ball will have small displacements, while the bottom

f the ball will undergo larger displacements. The bigger speckles help

ith peak findings during large displacements, while the smaller speck-

es help with the accuracy of the measurements. The ball (b)III, which

ontains mid-size speckles, shows acceptable results as well. 

Overall, the balls (e)I and (f)II show more consistent results. These

alls contain a combination of speckle sizes from 4 to 20 pixels. The

alls (f) include random thin (2 pixels width) lines, which helps with

he ring interrogation DIC method. The balls (f)I and (e)II have been

sed in our experiments. 

The direct interpolation on the interrogation windows is computa-

ionally very expensive; therefore as proposed by Willert and Gharib

44] , interpolation on the correlation peak function has been imple-

ented to compare with direct interpolation of the interrogation win-

ows. Figure 7 shows the error comparison between using the spline

nterpolation directly on the image or on the correlation peak. 

The ball (e)2 has been used for this comparison with velocities rang-

ng from 0.1 to 2.0 pixel/frame with intervals of 0.1 pixel/frame. The

ideos for this analysis have been generated numerically in order to ex-

mine the measurements. In both cases, 5 points spline interpolation

as been used. For the direct interpolation on the interrogation win-

ows, the interpolation has been made between each two pixels. On

he other hand, for the correlation peak function, the interpolation has

een done on 𝜙fg ( Eq. (3) ). For extremely small displacements, less than

.5 pixel/frame, interpolation only on the correlation peak function

roduces significantly less accurate data. The inaccuracy comes from

nding the wrong peak. Using both interpolation at a same time signif-

cantly increases the computation time. 
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Fig. 7. Comparison between using spline interpolation directly on the image and using 

the interpolation on the peak correlation. 
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Fig. 8. Experimental setup for the normal impact of a rigid rod and deformable flat. 

Fig. 9. (a) Original image of the rod, (b) modified version of the rod with pure black and 

white and horizontal lines, (c) gray value difference. 
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. Experiments 

The image processing methods have been employed for three differ-

nt impact cases in order to verify the method ’s viability for collision

roblems. A normal impact of a metal rod with a 3D printed industrial

LA flat, the oblique impact of a tennis ball with a tennis racket, and the

blique impact of a lacrosse ball with a rigid flat are studied. Each of

hese examples has their own unique challenges. The focus of this study

s to find the velocity fields with high accuracy. 

The impact duration is small for the normal impact of the rod with

he flat, since both of the objects have relatively large stiffnesses. There-

ore, the motion of the rod has been recorded with high frequency at

0 , 000 fps. On the other hand, for the majority of the high speed cam-

ras the higher fps reduces the image quality. 

The oblique impact of the tennis ball with the racket is the most

hallenging case in this study due to the deformations on both of the

bjects. The ball undergoes small deformations. Another challenge for

his case is that a part of the tennis ball becomes invisible during the

mpact due to the racket frame, and that makes the image processing

ethod much harder. The goal for this case is to measure the linear and

ngular velocities during the impact. 

For the oblique impact of the lacrosse ball, the flat is rigid, and the

all undergoes relatively small impact deformations. Our goal is to mea-

ure the velocity field with a high accuracy. The following subsections

ill explain each of the experiments in detail, and compare the final

esults. 

.1. Test 1: normal impact of a rigid rod 

Figure 8 shows the schematic of the experimental setup for the nor-

al impact of a rigid rod with a deformable flat [51] . A round ended

tainless steel rod with length, 𝐿 = 0 . 304 m, diameter, 𝐷 = 0 . 009 m,

ass, 𝑚 = 0 . 255 kg, modulus of elasticity, 𝐸 = 212 GPa, Poisson ratio,

= 0 . 3 , and yield strength, 𝑆 𝑦 = 750 MPa, has been used for the colli-

ions. The flat is a 3D printed part made from industrial PLA with modu-

us of elasticity, 𝐸 = 3 . 2 GPa, Poisson ratio, 𝜈 = 0 . 36 , and yield strength,

 𝑦 = 37 MPa. The flat is screwed to a massive metal flat, which itself

as been fixed to a massive surface. Two electromagnet solenoids have

een used to hold and release the rod from a certain height. A high speed

igital camera with 40,000 fps has been used to record the collision. 

For this test, we tracked the position of the rod with a regular image

rocessing tracking method and found the velocity field on part of the

od during the impact as shown in Fig. 9 . The rod has been painted in
841 
lack and two silver coated adhesive tapes have been attached to the

od (see Fig. 9 (a)). The bottom tape remained clean to be used for the

osition tracking, and the top tape has been painted randomly to create

 speckle pattern to be used for the DIC method. The position of three

orizontal lines, shown in Fig. 9 (b), including the bottom edge of the

ottom tape, the top edge of the bottom tape, and the bottom edge of

he top tape, have been measured in order to track the position of the

od. The image has been changed to pure black and pure white in order

o find these lines as seen in Fig. 9 (b). Let each frame to be a 2D array,

 × n , with 8-bit gray values for each pixel , g ( x, y ) where x and y

re the horizontal and vertical coordinates respectively. Next, the first

erivations of the gray value in horizontal and vertical directions have

een found and summed up for each column and row, respectively: 

ℎ ( 𝑦 ) = 

𝑛 ∑
𝑥 =1 

= 

𝜕 𝑔 ( 𝑥, 𝑦 ) 
𝜕𝑦 

, 𝜒𝑣 ( 𝑥 ) = 

𝑚 ∑
𝑦 =1 

= 

𝜕 𝑔 ( 𝑥, 𝑦 ) 
𝜕𝑥 

, (5)

here 𝜒 is a coefficient we defined, and its magnitude increases at the

dges, and indexes h and v refer to the horizontal and vertical directions

espectively. Figure 9 (c) shows 𝜒h for Fig. 9 (b). Three local maximums

rom height 20 to 60 pixels show the edges that we were looking for.

he vertical lines as seen in Fig. 9 (b) show the boundary of the rod. 

Figure 10 shows the position vs. time for a collision of the same rod

ecorded at 40,000 fps, with an initial velocity, 𝑣 𝑖 = −1 . 05 m/s, and a

nal velocity, 𝑣 𝑓 = 0 . 71 m/s. The accuracy of the regular image process-

ng methods is one pixel, and this is the main problem for a phenomenon

ike collision because the impact duration and displacements are small.

ince high frequency is used for these experiments, several frames show

he same position at this accuracy. This makes the calculation of the

elocity from the position of the rod by numerical derivation harder.

herefore, the DIC method is needed to find the velocity. 
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Fig. 10. Position of the rod analyzed with regular image processing method. 

Fig. 11. Velocity of the rod measured by the DIC method. 
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Figure 11 shows the velocity measurements using the DIC method for

he same experiment shown in Fig. 10 . It can be seen that the velocity

as been measured with a good accuracy. The change in velocity during

he impact can be seen as well. The impact starts at 𝑡 = 2 . 475 ms with

nitial velocity, 𝑣 𝑖 = −1 . 084 m/s, and continues to 𝑡 = 3 . 875 ms with final

elocity, 𝑣 𝑓 = 0 . 6873 m/s. An interesting phenomenon happens when

he velocity reaches zero. The velocity stays at zero for a fraction of a

illisecond and starts increasing again. The reason for this phenomenon

ay be the error in the measurements. We are not able to capture very

mall displacements less than 0.1 pixel due to the quality of our camera.

t should be noted that we increased the number of interpolation points

rom 5 to 10, and the measurements still showed the same results. We

lso increased the time intervals in the image processing by comparing

ach frame from 5th to next 15th frame, and it still gave us exactly the

ame results. 

.2. Test 2: oblique impact of a tennis ball with a racket 

In this case, the low velocity oblique impact of a tennis ball with

 tennis racket has been studied. Figure 12 shows the schematic of

he setup. Tennis balls with the diameter of 0.067 m and the mass of

.0567 kg have been used for the experiments. The tennis ball is held

nd released by a robotic arm for consistent drops. The ball has been

eleased from a certain height without an initial angular velocity. The
842 
ollision has been recorded with a high speed camera at 10 000 fps.

he camera is placed horizontally 0.8 m from the collision plane. Three

rojectors have been used to provide the required light for the setup.

he impact angle, 𝛽, is the angle of the tennis racket with the horizontal

xis. The racket has been clamped to a massive supporting device, and

 tripod is used to set the angle of the device accurately. The end of the

upporting device has been also clamped to the table to reduce the vi-

rations of the racket. The ball with speckle pattern shown in Fig. 2 (f)I

as been used for the experiments. 

The resolution of the high speed camera is 512 × 512 pixels when

ecording with 10 000 fps, in which the tennis ball has a diameter of,

 = 114 pixels. For this study a lens with, focusing range: 1 − ∞ m, focal

ength: 12 . 5 − 75 mm, aperture ring: 1 . 2 − 16 , maximum aperture: 1:1.2,

nd filter size: 54 mm has been used. The Hough transform method has

een used to track the centroid of the ball. One of the challenges for

he image processing of this case is that during the impact a part of the

all is covered behind the racket as seen in Fig 13 . Although the Hough

ransform method is capable of measuring the position of the centroid

f the ball even when part of the ball is hidden, the accuracy of the DIC

ethod, especially for rotation measurements decreases. 

Figure 13 shows the image processing procedure for tracking the cen-

roid of the ball, measuring the velocity field and rotation. Figure 13 (a)

hows the ball at the beginning of the impact, the left picture shows the

riginal frame, and the right picture shows the measured velocity field

sing the DIC method. The Hough transform is used to find the bound-

ry and centroid of the ball as shown on the left picture in Fig. 13 (a).

t can be seen that Hough transform method can find the boundary and

he centroid of the ball even when part of the ball is hidden behind the

ennis racket. 

The picture on the right side of Fig. 13 (a) shows the velocity field

easured by the DIC method at the beginning of the impact. It should
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Fig. 13. Original frames and the velocity field of the impact of a tennis ball with a racket, 

calculated by DIC, (a) the beginning of the impact, (b) during the impact, (c) the end of 

the impact. 
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Fig. 14. Position of the centroid of the ball measured by the Hough transform method. 

Fig. 15. Velocity of the centroid of the ball measured with DIC method. 
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e noted that the surface of the ball has been changed to pure white

ust for clarification purposes The velocity at the center of each of the

nterrogation windows have been calculated and represented with a line

n the picture (the length of each line is the scaled displacement of the

enter of each interrogation window). The center of each interrogation

indows is represented with a diamond shape marker. Each line starts

rom the center of the interrogation windows and shows the displace-

ent of that window during the next time interval. The velocity field

hows constant downward velocity for all of the windows, which is as

xpected. 

For the rotation measurement of the ball a circular ring interrogation

indow centered at the centroid of the ball is used, as shown in the left

icture of Fig. 13 . The radius of this ring interrogation window is the

istance from the centroid of the ball to the edge of the racket. It has

o be noted that the radius of the window shrinks during the impact as

arger part of the ball hides behind the racket, see Fig. 13 (b). 

For this case, it was observed that the circular interrogation win-

ow DIC is working better than averaging the angular velocity for the

quare interrogation windows. This may be due to the fact that during

he impact a part of the ball is hidden behind the racket. A circular in-

errogation window with a radius equal to the distance of the centroid

f the ball from the edge of the racket has been used to measure the ro-

ation, as seen in Fig. 13 . Two-point spline interpolation has been used

o increase the accuracy. It was observed that adding lines to the speckle

attern increases the accuracy of the circular interrogation window DIC.
843 
Figure 13 (b) shows the tennis ball during the impact. Same as

ig. 13 (a) the Hough transform is used to find the boundary, and cen-

roid of the ball and the circular interrogation window is used for the

otation measurement. The right picture in Fig. 13 (b) shows the velocity

eld during the impact. The velocity field shows smaller values for the

oints close to the contact point and larger as it gets further from the

ontact point, which shows the rotation of the ball during the impact.

igure 13 (c) shows the velocity field at the end of the impact. The veloc-

ty field clearly shows the bounce and the counter clockwise rotation. 

Figure 14 shows the position of the centroid of the ball for the oblique

mpact of a tennis ball with an impact angle, 𝛽 = 45 ◦, normal and tangen-

ial initial velocity, 𝑣 𝑛 = 𝑣 𝑡 = 3 . 2 m/s respectively. The measurements

ave been done by using the Hough transform method to track the cen-

roid for a collision recorded at 10,000 fps. The time when the rebound

tarts can be measured from the normal component of the position in

ig. 14 . Even though, the measurements show good results, the precise

nitiation of collision cannot be detected easily. The tangential compo-

ent shows a decrease in the velocity after the impact as expected. 

Although, the position measured by the Hough transform shows ac-

eptable results, the first derivation of the position in order to calculate

he velocity is very noisy. Therefore, the velocity of the center has to

e calculated with the DIC method. Figure 15 shows the measured ve-

ocity of the centroid of the ball for the same collision as Fig. 14 , with

he impact angle, 𝛽 = 45 ◦, and normal and tangential initial velocity,
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Fig. 16. Angular velocity of the tennis ball calculated by DIC method. 
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 𝑛 = 𝑣 𝑡 = 3 . 2 m/s. From the normal velocity it can be seen that the im-

act starts at 𝑡 = 4 ms. The restitution starts at 𝑡 = 7 ms, and ends at

 = 11 ms. The normal component of the velocity of the centroid of the

all shows a smooth trend during the impact. The tangential component

f the velocity is considered to be positive in x-direction. The tangential

omponent shows an interesting phenomena. When the impact starts,

 = 4 ms, the tangential component starts decreasing to a certain point,

 = 7 . 2 ms and stays constant until 𝑡 = 8 ms. After this point, the tan-

ential velocity starts increasing until 𝑡 = 9 ms. Although this result is

nteresting for understanding the nature of contact force during the im-

act, one should consider that Fig. 15 shows the velocity of the centroid

f the ball, therefore the angular velocity is needed as well to be able to

iscuss the contact forces during the impact. 

Figure 16 shows the angular velocity of the ball during the same

mpact as seen in Figs. 14 and 15 . Although, there is some noise in the

easurements due to the low resolution of the high speed camera, the

esults are acceptable to use for understanding the nature of the friction

orces. It can be seen that the impact starts at 𝑡 = 4 ms, the angular

elocity starts from zero and increases during the impact until 𝑡 = 7 . 2 ms,

nd stays constant around 𝜔 = 5 rad/s. 

Figures 15 and 16 show that the collision can be divided into three

hases in terms of the tangential motion. The first phase starts at 𝑡 =
 ms. The tangential velocity of the centroid of the ball decreases and

he angular velocity increases. This phase continuous until 𝑡 = 7 . 2 ms.

uring the second phase, from 𝑡 = 7 . 2 ms to 𝑡 = 8 ms, both the tangential,

nd the angular velocity of the ball stay constant which means there

s no tangential impulse acting on the ball. For the third phase, from

 = 8 ms to 𝑡 = 10 ms, the angular velocity stays constant, which means

here cannot be any torque acting on the ball. At the same time, the

angential velocity of the centroid of the ball increases. This can be only

xplained by the effect of deformations on the strings, which can change

he nature of the friction force from sliding to rolling friction. Modeling

nd predicting the motion of objects during the collision needs more

etailed studies on the deformations of the objects during the impact. 

.3. Test 3: oblique impact of a lacrosse ball with a rigid flat 

The last case is the low velocity oblique collision of a lacrosse ball

ith a rigid flat. Figure 17 shows the schematic of the experimental

etup. A wooden flat has been clamped to a massive metal flat, which is

ttached to a tripod that controls the angle of the impact. The metal flat

s clamped to the massive table, and the tripod has been fixed to reduce

he vibrations during the impact. The impact angle is measured from
844 
he horizontal axis. The lacrosse ball has a diameter of, 𝐷 = 63 . 25 mm

ith mass, 𝑚 = 145 . 66 gr. 

To perform consistent drops with the desired initial height, a

olenoid has been used to hold and release the ball. A small piece of

etal has been glued to the top of the ball to be attached to the drop-

ing device (the mass of the metal piece is very small compared to the

all). The collision is captured by the high speed camera at 10,000 fps.

he camera is placed 0.4 m from the collision plane. Projectors with

000 W have been used to provide the necessary light for the camera.

he ball with speckle pattern shown in Fig. 2 (e)II is used for the experi-

ents. The resolution of the high speed camera is 512 × 512 pixels when

ecording with 10 , 000 fps, in which the lacrosse ball has a diameter of,

 = 123 pixels. For this study a lens with, focusing range: 0 . 25 − ∞ m, fo-

al length: 25 mm, maximum aperture: 1: 1.6, and filter size: 𝜙25.5 mm,

as been used. 

Figure 18 shows the lacrosse ball during the collision for the impact

ngle, 𝛽 = 19 ◦, and initial velocity, 𝑣 𝑖 = 1 . 80 m/s. The ball starts with

 positive initial tangential velocity (positive tangential axis is toward

he right). The camera has been tilted such that the flat lays on the

orizontal axis in this experiment. The Hough transform has been used

o track the centroid of the ball during the collision, Fig. 18 (a)–(c). The

acrosse ball undergoes small elastic deformations during the impact,

hich affect the accuracy of the Hough transform method. Digital image

orrelation method described in the last section is used with 5 points

pline interpolation in order to find the velocity field on the surface of

he ball, with the assumption of no out of plane motion. The velocity

eld shows clockwise rotation, as expected. 

The position of the centroid of the ball has been measured using

he Hough transform method. To improve the accuracy of the Hough

ransform, the boundary of the ball has been found, changed to a dif-

erent color, and a filter has been applied to the ball. Because of the

harp difference between the boundary and the ball, the Hough trans-

orm method is able to measure the radius of the ball easier. Figure 18 (a)

hows the image from Hough transform for the centroid and the bound-

ry of the ball at the beginning of the impact. Figure 18 (b) shows the ve-

ocity distribution on the surface of the ball during the impact calculated

y the DIC method with 5-point spline interpolation. The camera is tilted

9° to match the local coordinates. This change provides a higher num-

er of pixels in the vertical direction. The results show a larger velocity

eld on the top left of the ball and smaller on the right, which shows

 clockwise rotation as expected. Figure 19 shows the position of the

entroid of the ball during the collision calculated by Hough transform.
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Fig. 18. Original frames and the velocity field of the impact of a lacrosse ball with a 

flat, calculated by DIC, (a) beginning of the impact, (b) during the impact, (c) end of the 

impact. 

Fig. 19. Position of the centroid of the ball measured by the Hough transform. 
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Fig. 20. Normal and tangential velocities of the centroid of the ball found by DIC method. 

Fig. 21. The angular velocity of the ball calculated from analysis of the velocity field on 

the surface of the ball. 
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he tangential component of the position of the ball increases during the

mpact where the increase rate before the impact is larger than after the

mpact, as expected. The normal component of the position of the ball

ecreases until the maximum compression and increases for the rest of

he collision. Although the accuracy of the method is acceptable for the

osition analysis, the first derivation will result in significant noise. One
845 
hould consider that the total displacement shown in the plot is small,

bout 4 mm, for the normal and tangential components. 

Figure 20 shows the velocity of the centroid of the ball. The veloc-

ty has been found by interpolation of the velocity field calculated by

he DIC method at the position of the centroid measured by the Hough

ransform. The initial normal velocity is 𝑣 𝑛 = −1 . 69 m/s and the collision

tarts at 𝑡 𝑖 = 1 . 4 ms. At this instant the normal velocity starts increasing

ntil 𝑡 𝑓 = 5 . 8 ms, with normal velocity after the impact 𝑣 𝑛 = 1 . 35 m/s.

he maximum compression occurs at 𝑡 = 3 . 7 ms, which matches the re-

ults from the position analysis shown in Fig. 19 . 

An interesting phenomenon is observed for the tangential velocity of

he centroid of the ball. The tangential velocity starts with 𝑣 𝑡 = 0 . 57 m/s

nd decreases when the collision starts; however, the decrease in the

elocity stops at 𝑡 2 = 4 . 3 ms. At this instant, the velocity of the contact

s zero, therefore, there is no friction force affecting the centroid. This

lso matches with the previous speculations in the studies of rigid body

ollision. After this point, from 𝑡 2 = 4 . 3 ms to 𝑡 3 = 5 . 8 ms, the tangential

elocity increases at a very slow but steady rate, which indicates a small

et tangential force on the center of the ball. 

Figure 21 shows the angular velocity of the ball during the impact.

ne can observe an interesting phenomenon happening at the second

hase of the collision. The impact starts approximately at 𝑡 = 1 . 4 ms,
𝑖 
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nd the magnitude of the angular velocity increases until 𝑡 2 = 4 . 3 ms.

rom 𝑡 2 = 4 . 3 ms to 𝑡 3 = 5 . 1 ms, the angular velocity stays constant, and

fter this point it decreases until the end of the impact at 𝑡 𝑓 = 5 . 8 ms.

ne can conclude from both linear and angular velocity that the friction

orce during impact is not fully sliding, fully sticking or even sliding and

hen sticking. Our results can be used to study the friction force during

he impact, which has been the concern of many researchers for many

ears. 

. Conclusion 

In this study a new implementation of the DIC method for the colli-

ion problems has been presented. The spline interpolation along with

FT 2D cross correlation has been used for the displacement measure-

ents. A brief study has been done on the effect of the speckle pattern

n the accuracy of the DIC method for the impact problems. Generated

ideos with known velocities have been used to verify the implemen-

ation of the method. The method aims to measure linear and angular

otion of the objects. Three experiments have been designed and stud-

ed: normal impact of a rigid rod with a deformable surface, oblique

mpact of a tennis ball with a tennis racket, and oblique impact of a

acrosse ball with a rigid flat. 

For the normal impact of the rigid rod, the method has been shown

o be able to measure the velocity during the impact. In the second ex-

eriment, the oblique impact of the tennis ball with a tennis racket has

een studied. The position of the centroid of the ball has been measured

sing the Hough transform method. The linear and angular velocities of

he ball have been measured using the DIC method. For the angular ve-

ocity, circular interrogation windows have been used instead of square

indows. The image processing method shows acceptable accuracy for

oth the linear and angular velocity measurements. For the third ex-

eriment, the impact of a deformable lacrosse ball with a rigid body is

nalyzed. The position of the centroid of the ball is measured using the

ough transform method, and the linear and angular velocities have

een calculated by using the square interrogation windows in the DIC

ethods. 

It has been shown in this study that DIC methods are able to capture

he characteristics of collisions. The results from the measurements show

nteresting facts about the motion of the objects during the collision.

hese results can later be studied to understand the nature of the normal

nd tangential forces during the collisions. The accuracy of the studied

ethod can be improved by either a high speed camera with a better

esolution, higher frequency, or using more advanced DIC methods. 
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