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ABSTRACT 

An automatic animal motion activity measurement system is proposed. In the proposed approach, 
the input image frames (acquired in real-time by a webcam or retrieved from a pre-saved video file) 
are processed by a combined Background Subtraction and Region Growing method in order to 
separate the object of interest from the background. The contours of the extracted object are 
determined using a chain code algorithm and are used to determine the principal axis of the object. 
Finally, the change in angle of the principal axis over successive frames is used to evaluate the rotation 
motion of the object. The feasibility of the proposed method is demonstrated by examining the 
apomorphine-induced asymmetric rotational motion behavior of male adult Sprague–Dawley rats with 
nigrostriatal lesions. The motion activity measurement system proposed in this study has the 
advantages of a simple low-cost setup, the potential for real-time implementation, and an accurate and 
reliable measurement performance. As such, it provides a useful tool for normative, pharmacological 
and neurophysiologic animal behavioral activity studies.     
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 . INTRODUCTION 

Parkinson’s disease (PD) is a progressive 
disorder [1,2] resulting mainly from a 
de-generation of the dopaminergic neurons of 
the nigrostriatal tract of the brain, and 
characterized by motor impairments such as 
akinesia, bradykinesia, postural instability, and 
tremors [3]. 6-Hydroxydopamine (6-OHDA) is a 
specific neurotoxin for the dopaminergic 
pathways [4], and is transported into the cells of 
the nigrostriatal tract using the same membrane 
transporters as those used for catecholamine. 
The toxic effects of 6-OHDA have been 
attributed to the formation of various oxidants 
and reactive oxygen radicals [5], which cause 
lipid peroxidation, protein damage, and amino 
acid modification. On the other hand, when 
injuries occur on the nervous system, such as 
stroke [6], bleeding [7], brain trauma [8], 
subarachnoid hemorrhage [9], spinal cord injury 
[10], or neurodegeneration [11], most 
phenotypes of these nervous injuries may impair 
motor ability of the patients or modeling animals. 
In the experimental animal models, the 
behavioral testing or motor activity is applied for 
evaluating the degree of brain injury or recovery 
status, especially in brain injuries. 

In response to apomorphine administration, 
rats with unilateral 6-OHDA induced lesions of 
the nigrostriatal dopaminergic pathway circle to 
the contralateral side of the lesions. This circular 
movement model is widely used in 
pharmacological and neuro-physiologic studies 
of Parkinson’s disease to test and evaluate the 
striatal dopaminergic activity or dopaminergic 
neuron survival in substantia nigra. In such 
studies, the motion activity (rotational behavior) 
of the rats is examined using either observational 
methods or automated methods. Observational 
methods involve the direct open-field 
monitoring of the rats in their home cage [12-14], 
and have the advantage that the qualitative 

behavioral patterns of the rats can be observed 
directly. However, observation methods are time 
consuming and labor intensive. Accordingly, 
automated methods are commonly preferred. 

Automated animal motion activity 
measuring systems can be broadly classified as 
either hardware-based or software-based, 
depending on the particular method used to 
collect and analyze the data. Hardware-based 
systems have the advantage of de-skilling the 
system design. However, they are rather 
expensive. As a result, various automatic 
measuring systems have been developed [15-18] 
and brought to market (e.g., Videomex-V, 
Auto-track, Columbus Instruments). Most 
software-based automated animal behavior 
measuring systems are based on 
image-processing techniques, such as object 
segmentation, contour tracking, and so on 
[19,20]. 

In general, physical objects can be 
categorized as either rigid or non-rigid. For rigid 
objects, the contours do not readily change (e.g., 
a vehicle or a ball), and hence their images are 
more easily processed using automated methods. 
The literature contains various proposals for 
vehicle segmentation systems [21] or 
insect-image recognition [22] based on a rigid 
assumption. In addition, Chang et al. [23] 
proposed an intelligent data fusion system for 
vehicle collision warning based on a combined 
vision / GPS sensing approach. However, the 
segmentation of non-rigid objects, such as 
humans and animals, poses a significant 
challenge to automated image-processing 
methods since the contours of such objects 
typically change over a sequence of frames. 
Thus, the segmentation of non-rigid objects 
generally requires a more complex procedure 
based on the use of level sets [24,25], 
boundary-based models [26], or active 
contour-based models [27-30].  

As described above, the asymmetric 
circling rodent model is widely used to test the 
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effects of pharmacological compounds on 
striatal dopaminergic activity. One of the earliest 
uses of automatic measuring methods to assess 
the effects of neural damage in mice was that 
reported by [15], in which both the area of the 
circles circumscribed by the rat and the number 
of rotational circles walked were observed. 
However, the method is based on the path cross 
of the gravity center, which differs from that of 
the actual rat rotation behavior. Hence 
significant errors are produced, e.g. ~10% in the 
case of slow rat rotation. Furthermore, the 
proposed system requires special hardware and 
thus has a high cost. In performing behavioral 
studies based on the asymmetric circling rodent 
model, the direction of rotation is of interest in 
addition to the diameter and number of 
circumscribed circles. However, the literature 
presently contains very few automated tracing 
systems capable of providing such an insight.  

Accordingly, the present study proposes an 
automatic system capable not only of recording 
and analyzing the asymmetric rotational motion 
activity of a rat, but also determining the 
direction of rotation. The proposed system has 
many practical advantages, including a low-cost 
setup, the potential for real-time implementation, 
and a reliable and repeatable measurement 
performance. As a result, it provides a useful 
tool for a variety of normative, pharmacological 
and neurophysiologic animal behavioral activity 
studies. 

. MARTERIALS AND METHOD 

2.1 Animals 

Male adult Sprague-Dawley (SD) rats, aged 
8 weeks and weighing 250-300 g, were 
purchased from the National Laboratory Animal 
Center, Taiwan. The rats were housed in an 
experimental animal room with a 12:12 h 
light-dark cycle and a temperature of 22+1 . 
The rats were fed a standard pellet diet and 
water ad libitum. The study was conducted 
according to the guidelines of the National 
Science Council of the Republic of China, 
Taiwan, and was approved by the Animal Care 
and Use Committee of Kaohsiung Medical 
University. 

2.2 Surgery 

The experiments were conducted between 
7:00 AM and 7.00 PM (i.e., during the light 
cycle). The rats were anaesthetised with chloral 
hydrate (400 mg/kg, i.p., Sigma) and then placed 
in a stereotaxic apparatus (Stoeling Instruments, 
IL, USA). 4 microliter 6-OHDA.Br (1 g/ l, 
Sigma) or vehicle (sterile normal saline with 
0.2% ascorbic acid) was injected into the left 
medial forebrain bundle (coordinates as A: -2.0 
mm, L: 2.0 mm, V: -8.4 mm) at a rate of 1.0 

l/min for 4 min. The injection was unilateral, 
with the contralateral structures serving as 
controls. Following injection, the injection 
cannula was left in place for 4 min before 
removal.  

4 weeks after surgery, the rats were tested 
with systemic apomorphine (0.75 mg/kg in 
sterile normal saline with 0.2% ascorbic acid, 
i.p.; Sigma, USA) to evaluate the behavioral 
effect of the nigrostriatal lesion. Specifically, 10 
minutes after apomorphine administration (i.p.), 
the rotational behavior of the rats was evaluated 
by placing the animals in a black circular cage 
and then monitoring their movement using the 
proposed automatic animal motion activity 
measurement system. 

. SYSTEM DESIGN AND 
IMPLEMENTATION 

3.1 System Architecture and 
Implementation 

Figure 1 shows the basic architecture of the 
proposed animal motion activity measurement 
system. As shown, the system comprises four 
main components, namely Object Search, Object 
Segmentation, Contour Extraction, and Axis 
Computation. The input video stream is first 
processed by the Object Search procedure to 
identify the region of the input image containing 
the object of interest (i.e., the rat, in the present 
case). The Object Segmentation procedure, 
consisting of a Background Subtraction method 
[31-33] and a Region Growing method [34,35], 
is then applied to segment the object from the 
background. 

A variety of foreground and background 
segmentation algorithms have been proposed in 
the literature, such as background subtraction, 
color clustering [36], image-based distance and 
area measurement [37], etc.  Among them, 
background subtraction is widely adopted due to 
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its computation efficiency. 
The object contour is then extracted using a 

chain code algorithm [38]. Finally, the principal 
axis of the object is computed from the extracted 
contour and used to evaluate the change in 
rotational position of the object from one frame 
to the next. The details of each component of the 
proposed motion measurement system are 
described in the following sub-sections. 

3.2 Object Search 

Traditional Background Subtraction 
methods operate at the pixel level over the entire 
input image, and tend to include significant 
noise in the extracted results. Consequently, 
post-processing using some form of filtering 
technique such as a Median Filter, Average Filter 
or Morphology Filter [39,40] is generally 
required. However, these post-processing 
operation sometimes blur the contours of the 
segmented object, and hence degrade the 
performance of downstream processes. 
Accordingly, in the present study, the input 
image is first processed using an Object Search 
algorithm to identify the region of the image 
containing the object of interest, and the 
segmentation process is then performed only in 
this more restricted region of the image. The 
Object Search algorithm is as follows:  

(1) A cross-shape mask (‘+’) with an 
assigned scale is set. In practice, the scale of the 
mask should be carefully assigned since while a 
larger value results in a more robust noise 
removal performance, it may also cause some 
candidate objects of interest to be filtered out. In 
this study, both vertical scale(VS) and horizontal 
scale(HS) of the mask are assumed to be 11. In 
addition, this mask operates from left to right 
and top to bottom every 11 pixels apart. 

(2) The region that can contain the whole 
mask is assumed as the candidate object. The 
center location of the mask is marked as Oi, 
which will serve as the seed point of region 
growing in the later process. The remaining 
regions are assumed as noise. Considering the 
illustrative example shown in Fig. 2, the green 
regions indicate objects or noises. The pseudo 
code of the algorithm is as follows: 
 
N=1 
FOR I=7 to Height step VS 
{  
 FOR J=7 to Width step HS 
 { 
  Flag=true; 
  FOR m=0 to VS-1 step 1 

{  
   If (b (J, I+m) ! =1)  

{ Flag=false; break m loop} 
} 

 
If(Flag==true)  
{  

FOR n=0 to HS-1 step 1 
{  
 If (b (J+n, I) ! =1)  

{Flag=false; break n loop} 
} 
ON (x, y) = (J, I) 
N=N+1 

}  
} 

} 
 

A bitmap b (x, y) consisting of “1” (seed points) 
and “0” (background) is constructed. 
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Fig.1. System architecture 

 

Fig.2. Object search example (Note that green regions indicate objects or noises. The red points will serve as the 
seeds of region growing.)

3.3 Object Segmentation 
Having identified the candidate seeds, we 

perform region-growing process from the first 
seed.  During growing, if other seeds are 
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covered, then those seeds belong to the same 
object and those seeds won’t perform 
region-growing any more. For example, in Fig. 2, 
when the region is growing from seed O1, O2 
will be covered during the growing process since 
these two seeds belong to the same region, R1. 

 New region-growing is performed from 
the remaining seeds. This procedure continues 
until all the seeds are performed or covered by 
some region. These resulting regions are 
identified as R {R1, R2, R3}.  In this study, only 
one mouse is tested in the experiment, the 
largest region is chosen to be the object of 
interest. 

3.4 Contour Extraction  

Once the object of interest has been 
segmented, the contour of the segmented object 
is then extracted using the chain code algorithm. 
Once the contour is extracted, all of the pixels 
within the contour are set to “1” in order to fill 
any intra-object gaps, as shown in Fig. 3.  

 
(a)                (b)  

Fig. 3. Filling of intra-object gaps: (a) Segmented 
image, (b) After contour extraction 

3.5 Axis Computation 

The binarized image obtained from the 
chain code algorithm (denoted by the function f 
(x, y)) is processed to calculate the axis of the 
extracted object. The change in the axis position 
between successive frames is then used to detect 
the rotational movement of the object. The axis 
is calculated using Eq. (1) based on the relative 
distribution of the pixels within the object. The 
change in the axis angle, θ, is then calculated 
using Eq. (2). Note that the coordinates of the 
object mass center (xc, yc) are derived from Eq. 
(2) in accordance with Eq. (3) 
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3.6 Additional Functions 

In addition to measuring the animal motion 
activity, the proposed system also facilitates the 
real-time saving to disc of the webcam video file 
to provide a permanent record of the original 
laboratory data and to enable subsequent 
double-checking of the analysis results by 
alternative methods if desired. In addition, the 
calculated coordinates of the object mass center 
are also saved (together with a timing stamp) in 
order to support further data processing and 
analysis, e.g., the movement speed and travel 
distance of the object, the travel track of the 
object, and so on.  

. RESULT AND DISCUSSIONS 

To demonstrate the computational 
efficiency of the proposed system, the 
image-processing algorithm was implemented 
on a basic PC with limited processing 
capabilities (i.e., P-4 2.8 GHz with 1 G RAM). 
The input images were captured using a 
commercial webcam connected through a USB 
2.0 interface. The resolution of the input images 
was set as 320  240 with 24-bit RGB color. 
The captured images were processed at a rate of 
20 frames per second with a 50% CPU utility. 
The rats were administered an intracranial 
injection of 6-OHDA to induce unilateral PD 
and were then placed (10 minutes later) in the 
round cage (diameter of 40 cm). Note that a 
round cage was deliberately chosen in 
preference to a quadrate cage in order to enable 
a freer motion of the rats. Nine PD-induced rats 
were used as observations targets; with each rat 
repeating the test protocol 5 or 6 times. 

As described in Section 3.2, the 
image-processing algorithm proposed in this 
study performs an initial Object Search 
procedure to simplify the subsequent 
segmentation process. The resulting 
performance improvement was evaluated by 
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comparing the segmentation time for three 
objects of different sizes with that obtained 
using a traditional Background Subtraction 
method based on the full image. The 
segmentation times of the two systems are 

shown in Table 1. It is seen that the proposed 
method reduces the segmentation time by up to 
42%. In other words, the potential of the 
proposed algorithm for real-time implementation 
is confirmed. 

Table 1 Segmentation times of traditional method and proposed method for objects of different sizes 

Number of 
border pixels 

Segmentation time for 
Background Subtraction 

method 

Segmentation time for 
proposed method 

Time 
saving 

203 79 ms 46 ms 42% 
321 78 ms 53 ms 32% 

1023 79 ms 63 ms 20% 

Table 2 Effect of Median Filter in improving counting performance of proposed system 

Manual 
count 

System count without 
Median Filter 

System count with 
Median Filter 

Count error without 
Median Filter 

Count error with 
Median Filter 

50 37 49 26 % 2 % 
50 41 50 18 % 0 % 
50 40 50 20 % 0 % 

 
As described in Section 3.5, the 

image-processing algorithm proposed in this 
study evaluates the rotational behavior of the rat 
by computing the change in the principal axle 
angle of the extracted object over successive 
frames. Thus, compared to existing methods, 
which count the number of rotation circles by 
reconstructing the entire travel track, the present 
study determines the number of rotation circles 
directly from the computed change in the 
principal axle angle. Notably, by observing the 
direction in which the principal axle angle 
changes, the system is also able to determine the 
direction of the rotational movement of the rat. 

In performing rotational motion, the swing of 
the rat tail may degrade the accuracy of the axis 
computation process and thus impair the ability 
of the system to count the number of rotational 
circles. Accordingly, in implementing the 
algorithm, a Median Filter is used to adjust the 
object image, thereby decreasing tail-swing 
interference and promoting the system accuracy 
as a result. Table 2 compares the number of 
rotational circles counted by the system with and 
without the Median Filter, respectively, with that 
observed manually. The results confirm that the 
filter significantly improves the reliability of the 
proposed system. 

Table 3 Experimental results for apomorphine-induced rotational motion of PD rats 

Test number Manual count System count FPS System accuracy 

1 100 99 21 99 % 
2 100 99 22 99 % 
3 100 99 23 99 % 
4 100 99 22 99 % 
5 100 100 21 100 % 
6 100 99 21 99 % 
7 100 97 21 97 % 
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using Eq. (2). Note that the coordinates of the 
object mass center (xc, yc) are derived from Eq. 
(2) in accordance with Eq. (3) 
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3.6 Additional Functions 

In addition to measuring the animal motion 
activity, the proposed system also facilitates the 
real-time saving to disc of the webcam video file 
to provide a permanent record of the original 
laboratory data and to enable subsequent 
double-checking of the analysis results by 
alternative methods if desired. In addition, the 
calculated coordinates of the object mass center 
are also saved (together with a timing stamp) in 
order to support further data processing and 
analysis, e.g., the movement speed and travel 
distance of the object, the travel track of the 
object, and so on.  

. RESULT AND DISCUSSIONS 

To demonstrate the computational 
efficiency of the proposed system, the 
image-processing algorithm was implemented 
on a basic PC with limited processing 
capabilities (i.e., P-4 2.8 GHz with 1 G RAM). 
The input images were captured using a 
commercial webcam connected through a USB 
2.0 interface. The resolution of the input images 
was set as 320  240 with 24-bit RGB color. 
The captured images were processed at a rate of 
20 frames per second with a 50% CPU utility. 
The rats were administered an intracranial 
injection of 6-OHDA to induce unilateral PD 
and were then placed (10 minutes later) in the 
round cage (diameter of 40 cm). Note that a 
round cage was deliberately chosen in 
preference to a quadrate cage in order to enable 
a freer motion of the rats. Nine PD-induced rats 
were used as observations targets; with each rat 
repeating the test protocol 5 or 6 times. 

As described in Section 3.2, the 
image-processing algorithm proposed in this 
study performs an initial Object Search 
procedure to simplify the subsequent 
segmentation process. The resulting 
performance improvement was evaluated by 
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comparing the segmentation time for three 
objects of different sizes with that obtained 
using a traditional Background Subtraction 
method based on the full image. The 
segmentation times of the two systems are 

shown in Table 1. It is seen that the proposed 
method reduces the segmentation time by up to 
42%. In other words, the potential of the 
proposed algorithm for real-time implementation 
is confirmed. 

Table 1 Segmentation times of traditional method and proposed method for objects of different sizes 

Number of 
border pixels 

Segmentation time for 
Background Subtraction 

method 

Segmentation time for 
proposed method 

Time 
saving 

203 79 ms 46 ms 42% 
321 78 ms 53 ms 32% 

1023 79 ms 63 ms 20% 

Table 2 Effect of Median Filter in improving counting performance of proposed system 

Manual 
count 

System count without 
Median Filter 

System count with 
Median Filter 

Count error without 
Median Filter 

Count error with 
Median Filter 

50 37 49 26 % 2 % 
50 41 50 18 % 0 % 
50 40 50 20 % 0 % 

 
As described in Section 3.5, the 

image-processing algorithm proposed in this 
study evaluates the rotational behavior of the rat 
by computing the change in the principal axle 
angle of the extracted object over successive 
frames. Thus, compared to existing methods, 
which count the number of rotation circles by 
reconstructing the entire travel track, the present 
study determines the number of rotation circles 
directly from the computed change in the 
principal axle angle. Notably, by observing the 
direction in which the principal axle angle 
changes, the system is also able to determine the 
direction of the rotational movement of the rat. 

In performing rotational motion, the swing of 
the rat tail may degrade the accuracy of the axis 
computation process and thus impair the ability 
of the system to count the number of rotational 
circles. Accordingly, in implementing the 
algorithm, a Median Filter is used to adjust the 
object image, thereby decreasing tail-swing 
interference and promoting the system accuracy 
as a result. Table 2 compares the number of 
rotational circles counted by the system with and 
without the Median Filter, respectively, with that 
observed manually. The results confirm that the 
filter significantly improves the reliability of the 
proposed system. 

Table 3 Experimental results for apomorphine-induced rotational motion of PD rats 

Test number Manual count System count FPS System accuracy 

1 100 99 21 99 % 
2 100 99 22 99 % 
3 100 99 23 99 % 
4 100 99 22 99 % 
5 100 100 21 100 % 
6 100 99 21 99 % 
7 100 97 21 97 % 

20
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8 100 98 20 98 % 
9 100 97 19 97 % 

10 100 99 20 99 % 
11 100 99 22 99 % 
12 100 98 22 98 % 
13 100 99 22 99 % 
14 100 99 21 99 % 
15 100 100 22 100 % 

Average  21.26 98.7 % 

 
As described earlier, the experiments were 

deliberately performed using a black cage in 
order to increase the contrast between the 
background and the SD rats. However, as the 
experiments continue, the cage tends to be 
spoiled by urine and feces. Consequently, the 
contrast diminishes and the likelihood of object 
axis computation errors increases. Accordingly, 
in performing the segmentation process, a high 
threshold value of T=100 was deliberately 
chosen in order to filter out such experimental 
noise. 

Table 3 summarizes the experimental 
results obtained for the apomorphine-induced 
rotational motion of the SD rats (Table 3). As 
shown, the average accuracy of the proposed 
system is over 98%, as evaluated 15 practical 
tests. Consequently, the reliability and stability 
of the proposed automated system is confirmed. 

Various systems have been proposed (and 
commercialized) for the automated measurement 
of animal motor activity. Generally speaking, 
these systems rely on the interruption of an 
infrared beam or the triggering of a 
touch-sensitive sensor as the animal performs 
motion [41-44]. However, these systems have a 
high price (typically greater than USD 20,000) 
due to their hardware requirements. Moreover, 
the behavioral mode which can be observed or 
measured by such systems is limited by their 
hardware design. By contrast, the system 
proposed in this study has a cost of less than 
USD 3,000 and provides the ability to examine a 
greater range of motional behaviors since the 
behavioral data are computed from an inspection 
of the pixel changes between successive images 
rather than by means of some form of optical or 
mechanical device. Furthermore, in an alpha test, 
it was found that the resolution of the proposed 

system (more than 320x240) was sufficient to 
segment even small animals such as ants and 
crickets from a monotonous background. 

The literature contains several proposals for 
automatic animal motion analysis systems based 
on tracking the spatial coordinates of multiple 
markers affixed to the animals’ bodies [45]. 
However, webcam-based marker-free systems 
such as that proposed in this study have the 
ability to monitor a greater range of real-time 
movements of the object animals and to gain 
improved quantitative measurements of the 
overall animal movements under a variety of 
conditions [46,47]. 

In response to amphetamine administration, 
rats with unilateral 6-OHDA induced lesions of 
the nigrostriatal dopaminergic pathway circle to 
the ipsilateral lesioned side. By contrast, the rats 
circle to the contralateral side of the lesion when 
administrated with apomorphine [48]. In 
addition, the experimental results (Table 3) have 
shown that the count performance of the 
proposed system is accurate to within 1.5% of 
that obtained manually. Finally, the system is 
based on the RGB color space and therefore 
avoids the need for color space transformation. 
In addition, the system utilizes an Object Search 
algorithm to reduce the computational 
complexity of the object segmentation process, 
and applies a chain code algorithm to detect the 
object contour such that the rotational change of 
the object can be determined. Consequently, the 
system has a lower computational complexity 
than existing methods, and thus has significant 
potential for real-time implementation.  

V. CONCLUSIONS 

This study has presented an automated 
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animal motion activity measurement system 
based on a webcam and a computationally 
efficient image processing algorithm. The 
feasibility of the proposed system has been 
demonstrated experimentally by measuring the 
apomorphine-induced asymmetric rotational 
motion behavior of rats with nigrostriatal lesions. 
Notably, compared to existing automated 
methods, the proposed analysis system enables 
the direction of rotation to be reliably 
determined. The system has minimal hardware 
requirements, a high measurement accuracy and 
reliability, and the potential for real-time 
implementation. Furthermore, the hardware 
setup can be easily scaled to accommodate 
animals of a larger size. Consequently, the 
proposed system provides an ideal solution for a 
wide variety of normative, pharmacological and 
neurophysiologic animal behavioral activity 
studies. 
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neurophysiologic animal behavioral activity 
studies. 
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 ABSTRACT  
In this paper, the response and failure of local sharp-cut 6061-T6 aluminum alloy tubes 

with different diameter-to-thickness ratios submitted to cyclic bending were studied. Three 
different diameter-to-thickness ratios of 16.5, 31.0 and 60.0 were considered. The 
experimental moment-curvature relationship rapidly became a steady loop from the beginning 
of the first bending cycle. Moreover, the cut depth had almost no influence on the moment- 
curvature relationship. As for the ovalization-curvature relationship, when the number of 
cycles increased, it exhibited an increasing and ratcheting manner. It was seen that the greater 
the depth of the cut, the more asymmetrical ovalization-curvature relationship and the greater 
the increase of the ovalization. Furthermore, for a certain diameter-to-thickness ratio, five 
unparallel straight lines corresponding to five different cut depths were found for the 
controlled curvature-number of cycles required to produce failure relationship on a log-log 
scale. Finally, a theoretical model was proposed in this study for simulating aforementioned 
relationship. It was found that the experimental and analytical data agreed well.  
 
Key words: Local Sharp-cut, 6061-T6 Aluminum Alloy Tubes, Diameter-to-thickness Ratio, 
Cyclic Bending, Response, Failure. 
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