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Study of Al doped ZnO layers inserting CuO nanorods
structure to apply on Flexible Transparent Conductive
Electrode

Abstract
In this study, the optimum
distribution of the straight CuO

nanorods structure inserted in the

AZO(Al-doped ZnO)
supposed to be achieved, which has the

thin film 1s

lowest resistance of 1.25 x 107 Q-cm
and the transmittance in
400-800nm is about 82%. The best
figure of merit for the AZO/CuO
nanorods/AZO layer is 1.04x103 (Q™).

average

Due to less Al and Zn diffusion in
the interface between seed layer and
nanorods, the reduced density of
disorder structures in seed layer had
been observed by high-resolution
transmission  electron
(HRTEM),  which

formation of more straight nanorods

microscopy

enhances the

structures. The process as the surface of

S
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Department of Electronic Engineering, I-Shou University
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AZO seed layer on flexible
substrate had been roughed with 50W
etching power under 3 minutes, then 20
Ar/O;

ambience, the optimum distribution of

seconds Cu deposition in
the straight CuO nanorods structure is
formed, which shows the application of
AZO thin film with CuO nanorods on
soft transparent conductive electrode is

viable.

Keywords:Straight CuO nanorods,
Aluminum-doped Zinc
Oxide (AZO), Transparent
Conductive Oxides (TCO),
flexible substrate,

RF magnetron sputtering.



Introduction

Now, Transparent Conducting
Oxides (TCO) is widely used in soft
photoelectric devices such as organic
light emitting diodes (OLEDs), thin film
solar cells, flexible touch sensors and so
on [1-6], which is defined to have a
transmittance of greater than 80% in the
visible range (400nm~800nm) and a
resistivity of less than 103Q-cm[7-10].

Due to the indium is a rare and
toxic material, even indium tin oxide
(ITO) thin film is currently the most
widely used TCO material [11], which
could be probably replaced by another

new materials in the future[12-17].

One of the new materials is
Aluminum-doped ZnO (AZO), which
has been the subject of many recent
studies [18-22], due to ZnO has a wide
band gap (3.2e¢V) and higher
transmittance in the visible range, and it
is also cheaper more abundant and
non-toxic. But the conductivity is still
not enough even after Aluminum-doped,

which need to be further improved.

Lots of papers had been reported to
embed a metal layer within a dielectric
thin film to improve it, such as
AZO/Ag/AZO, AZO/Au/AZO and
AZO/Fe/AZO, but the transmittance is

2 D

also reduced [23-31], due to the metal
layer will probably make difference
reflection in the visible range and
produces a selective transparency [32].
Many studies have concerned to grow
nano-metal structures to reduce the
reflection [33-35], compared with the
the embedded CuO

nanorods structure in AZO thin film has

grown process,

low cost and more readily available [36],
which is worth further studying.

During the depositing process,
copper has two p-type semiconductors
oxides: cuprous oxide (Cu,O) and cupric
oxide (CuO) [37-38]. Due to the CuO
phase is more stable and more easily

produced than the Cu,O phase, many

deposition techniques are wused to
synthesize CuO thin film, such as
thermal oxidation, hydrothermal

electro-deposition, and DC or RF

sputtering [39-40].

In this study, the CuO nanorods
structure had been again successfully
grown after our former research [41], the
self-buffer AZO is treated as seed layers
and the surface is roughed by different
duration and power of plasma etching
treatments, which are expected to lead
the optimum straight distribution of CuO
nanorods structure and also enhance the

optoelectronic properties of Al doped



ZnO layers. The microstructures, optical

properties and electrical characteristics
of various AZO/CuO nanorods /AZO
thin films are analyzed, finally the
figures of merit for the different treated

thin films are calculated.

Experimental

The AZO/CuO nanorods /AZO thin
films were deposited on PC flexible
substrates  using RF  magnetron
sputtering and the AZO thin film was
prepared as a ZnO: Al 2wt.% Al,O3)
target. The thicknesses of the AZO seed
layer and capping layer were fixed about
100 nm and 40 nm, respectively. The
mixed Oy/Ar is treated as plasma
etching, both quantity is fixed as 50 and

10 sccm.

The etching duration is chosen as
1-7 min and power of plasma etching is
designed as 30-90W, and the various Cu
deposited time as 10s-40s is chosen in
this study. Before deposition, the PC
flexible substrate was cleaned in an
ultrasonic cleaner with methyl alcohol

and DI water.

A diffusion pump coupled with a
rotary pump was used to achieve a base
pressure of 5 x 10 torr. The working

pressure was maintained at 70 x 1073 torr

y T

during the sputtering process. The AZO
and Cu targets were cleaned by
pre-sputtering with Ar plasma for 10
minutes. The distance between the target
and substrate was maintained about 5 cm
and the deposition of RF power for AZO
layer and Cu was maintained at 5S0W.
The crystallinity and crystal orientation
of the thin films were determined by
X-ray diffraction (XRD). The
morphology of the multilayer thin films
and etched surface was determined by
field emission scanning electron
microscopy (FESEM). The
microstructures of AZO/CuO nanorods
/AZO thin films were analyzed by
High-resolution TEM (HRTEM). The
TEM specimens were prepared using a
Focused Ion Beam (FIB) (FEI Strata
205) with a tungsten layer deposition for
surface protection layer. The milling was
performed at an acceleration voltage of
30 kV with current about 30 pA. The cut
lamellas were placed onto a
molybdenum (Mo) grid for TEM
analysis. Transmission electron
microscopy (TEM) was performed to
obtain the detail of the CuO nanorods
structure using TEM FEI Tecnai G2 F20
instrument operated at an accelerating
voltage of 200 kV with field-emission
gun (FEG) and equipped with energy



dispersive X-Ray (EDX) detector, a
Fischione high-angle angular dark field
(HAADF) detector and Gatan GIF 2000
Energy-Filter TEM (EFTEM).

High-resolution micrographs were
obtained with a point resolution of 0.23
nm, lattice image simulations based on
the multi-slice method were performed
MACTEMPAS
package, for

using the software
comparison with the
experimentally obtained images.
HRTEM 1images were compared with
Fast-Fourier Transform (FFT) pattern for
processed images to confirm the local
orientation of the thin film. The optical
transmission was measured using a
UV-VIS-NIR spectrophotometer. The
electrical resistivity was measured using
a Hall
system and the final figure of merit
(FOM) of different thin films was

calculated.

characteristic measurement

Results and discussion

Due to the flexible substrate was
used in this study, the quantity of Cu to
form stable CuO nanorods need to be
confirmed. At first, the surface of AZO
seed layer is roughed for 3 minutesunder
O,/Ar mixed plasma etching and the
etching power is fixed as 50W.

w oD

Top-view SEM images show the
different CuO nano structures on the
surface of the AZO seed layers with
different Cu deposited time.

The CuO nanorods structure is
obviously observed after 20s and 30s Cu
deposited time as shown in figure
1(b)(c), and the
observed in 30s deposited time. Only the

higher density is

nano-particles structure is observed in
figure 1(a), which means the quantity of
Cu should be not enough to form CuO
nanorods structure, but it seems too
much to form a mixed structures after
40s deposited time as shown in figure

1(d).

After Cu deposition, the resistivity
of AZO/CuO nano-structures/AZO
layers all reduced to 107 Q-cm except
10s, and the average transmittance
spectra of layers for different Cu
deposited time is shown in figure 2, the
higher average transmittance in visible
wavelength range is about 82% after 10s
and 20s Cu deposited time, which means
proper quantity of Cu will not only
improve conductivity but also keep
higher transmittance. Depend on this
result, the CuO nanorods structure is
better for conductivity than
nano-particles structure, and more

uniform distribution of CuO nanorods



structure seems to play an important role

which is proved from SEM images.
Depend on different applications of
transparent conductive layers, both the
optical and electrical properties of the
layers are very important, which should
be done to approach optimum. But

usually the balance between them must

be discussed, Haacke (42 ] proposed a
figure of merit @rc as ®rc = TR

(equation 2) [ 42 Jwhere, @rc, T and Rg

are the figure of merit (Q), the average

transmittance (%) and the sheet
resistance (Q/square) of the layer,
respectively.

As shown in figure 3, the

conductive properties were measured by
a carrier characteristics measurement
system and all significantly increased
after 20s Cu Under

comparing with transmittance, the

deposition.

maximum figure of merit of 1.04x107
Q! is calculated after 20s Cu deposition,
which gives a resistivity as 1.25x107
Q-cm and an average transmittance
between 400 nm and 800 nm of 82%.
The more detail results about the various
Cu deposition time is shown in table 1.
In order to modify various roughed

surface to lead the optimum straight

T

distribution of CuO nanorods structure,
the different treatments as etching
duration and power are studied. The
AFM images of the seed layer after
different etching power are shown in
figure 4, the more uniform roughed
surface is obviously observed in figure
4(b) and also has higher roughness as
55.95 nm. The optimum roughed surface
1s expected to lead the more uniform
straight distribution of CuO nanorods
structure, which is not only to enhance
conductivity but also to improve
transmittance. After the deposition of
20s CuO nanorods and 40nm AZO
capping layer, the transmittance spectra
of AZO/CuO nanorods /AZO thin films
with different etching power of seed
layer is shown in figure 5, compare with
the other etching power, the higher
average transmittance between 400 nm
and 800 nm is 82% after SO0W treatment,
which even reduced to 67% after 90W

etching power.

The different etching power is
confirmed to make various roughed
surface of seed layer and also lead
different distribution of CuO nanorods
structure. After different etching to
rough the surface of seed layer, the
optimum 3 min etching duration is also

confirmed. Figure 6 shows the top-view



SEM images of different distribution of

CuO nanorods structure on the surface
of AZO seed layers with various etching
duration. The nanorods structure seems
to be more straight after 3 min etching
duration than the others as shown in
figure 6(b), but the lower transmittance
1s measured as 73% after 1 min etching
duration as shown in figure 6(a), which
shows most nanorods structure seems to
lie down on the surface of seed layer and
then the transmittance decreased. In this
study, the optimum roughed surface of
seed layer should be fabricated with
0O2/Ar mixed plasma etching for 3 min
duration and 5S0W etching power, which
can efficiently lead 20s Cu to deposit as
uniform and CuO

more straight

nanorods structure.

The more detail of straight and
structures are
TEM
images. Figure 7(a) shows the low
magnification of bright-field TEM

image, the

non-straight nanorods

observed from Scanning(S)

high magnification of
HRTEM images are observed from the
inserted white dotted square of (b)(c),
which show the crystalline structures of
CuO nanorods.

Figure (d)(e) also show the high
magnification HRTEM images from the

interface between Cuo nanorods and

S

AZO seed layer, the insert shows the
main Fast-Fourier Transform(FFT)pattern.
The lattice constant for CuO nanorods is
measured as 4.68A and average width of
the nanorods is about 40 nm. The
amorphous structures as shown in figure
7(b)(c) 1is
protection layer, which comes from the
FIB sample Lots of
different

formed form tungsten
preparation.

orientations  of  lattice
arrangement as indicated by white
arrows are observed from HRTEM
image as shown in figure 7(d), which
mean higher disorder structures had
been formed in the interface between
non-straight nanorods and AZO seed

layer.

But on the contrary, only few
different orientations of lattice
arrangement as indicated by white
arrows are observed from HRTEM
image as shown in figure 7(e) and also
has less of FFT pattern taken from that
area of the image. Depend on these
results, the straight and non-straight
nanorods structures seem to be strongly
influenced by the interface bonding
ability, which means disorder structures
will reduce the bonding ability and then
easier to form non-straight nanorods

structures.



The line-scan elemental profiles on

energy dispersive X-ray (EDX) spectra
of straight CuO nanorods structure
approaching the interface is shown in
figure 8(b), which come from the white
dotted arrow directed as figure 8(a). A
higher quantity distribution of W, C
elements are observed due to the
protection layer during FIB sample
preparation. Compared with Al and Zn,
the quantity distribution of Cu, O
elements are higher, which means to
have less quantity of Al and Zn elements
diffuse from AZO seed layer to CuO
nanorods and reduce the density of
disorder structures as shown in figure
7(e). Depend on the line-scan elemental
profiles, the formation of more straight
further

confirmed to be influenced by the

CuO nanorods structure is
bonding ability of seed layer, the order
structures in interface between CuO
nanorods and seed layer play an
important role to have a higher bonding

ability.

Conclusions

In this study, transparent
conducting oxides (TCO) are designed
as AZO/ nanorods /AZO layers and
deposited on PC flexible substrates

S

using RF magnetron sputtering. The
optimum distribution and more straight
of the CuO nanorods structure are
achieved when 20 sec Cu is deposited on
the surface of AZO seed layer, which is
roughed by the 50W plasma etching
power in 3 minutes duration. This gives
of AZO/CuO nanorods /AZO thin film
has the lowest resistance of 1.25 x 1073
Q-cm and the average transmittance in
400-800nm is about 82%. The optimum
figure of merit is calculated as 1.04x1073
Ql

distribution and more straight of CuO

which proves the uniform

nanorods structure play an important

role for the enhancement of conductivity

and transmittance of AZO thin films.
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Nano-particles

Figure 1. Top-view SEM images of CuO nano-particles to nanorods on
the surface of AZO seed layers with different Cu deposited
time of (a) 10s (b) 20s (c¢) 30s (d) 40s.
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Figure 2. The average transmittance spectra for AZO/CuO nano-structures/
AZO layers with different Cu deposited time.
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Figure 3. The FOM and resistivity for AZO/CuQO nano-structures/AZO

with different Cu deposition time.

Table 1. The optoelectronic property of AZO/CuO nanorods /AZO with different Cu

deposition time.

Cu deposition 10s 20s 30s 40s
Resistivity 8 99E.-2 1.25E-3 791E-4 3.96E-4
(€Q2-cm)
Carrier
Con(cfr‘r‘:f)‘“"“ 1.285E+19 | -5.962E+19 | -4.908E+20 | -1.343E+21
Mobility | 5 399E+00 | 8.430E+01 | 1.607E+01 | 1.171E+01
(cm*/Vs)
Transmittance
81 82 73 67
(%)
1(:81};[ 1.38E-5 1.04E-3 7.01E-5 3.64E-5
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Figure 4. The AFM images of the seed layer after different etching power.
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Figure 5. The transmittance spectra of AZO/CuO nanorods /AZO layer
with different etching power on the surface of AZO seed layer.




Figure 6. Top-view SEM images of CuO nanorods structure on the
surface of AZO seed layers with different etching duration
(a) Imin (b) 3min (c) Smin (d) 7 min.
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(a) The low magnification of bright-field (S)TEM image of straight and
non-straight CuO nanorods structures. (b)(c) The high magnification of the
inserted white dotted line from (a) which shows the crystalline structure of
nanorods. (d)(e) The high magnification of the inserted white dotted line
from (a) which shows the interface between CuO nanorods and AZO seed

layer, the insert shows the main Fast-Fourier Transform (FFT) pattern.
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Figure 8. (a) The low magnification of bright-field (S)TEM image for

straight CuO nanorods structure, the EDX line scan direction is

shown as the white array dotted line. (b) The EDX line scan
profile of different chemical composition.




The effect of Botox injection compared with
usual therapy on activity in children with cerebral palsy:
a systematic review

Abstract

1.Purpose:

The aim of this review aims to
summarize results of studies that
compare intervention of Botulinum
toxin type A (BTX-A) injections with
usual physical therapy.

2.Method:

MEDLINE and PEDro databases
were searched for randomized
controlled  trials.  Studies  of
randomized controlled trials (RCTs)
were included if the participants were
children (< 18 years old) with spastic
cerebral palsy, who underwent an
intervention of BTX-A injection.
Measures that best reflected the body
structure and function and activity

were used in the report.
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3.Results:

Three RCTs were included (60
participants). At post-intervention,
one RCT only demonstrated
statistically important result between
the experimental and control group
for Modified Ashworh Scale (mean
difference: -0.7, p = 0.002) and Gross
Motor Function Measure (mean
difference: 11.14, p = 0.03). The rest
RCTs showed no statistically
significant ~ differences  between
groups, although some statistically
significant with group differences

were found for the experimental

group.

4.Conclusion:

This review provides only some

preliminary evidence that BTX-A can



decrease spasticity and increase gross

motor function in children with
spastic cerebral palsy. High quality
randomized trials on current and
focused interventions related to
physical therapy are needed in the
future.

Introduction

Cerebral Palsy (CP) is the term
most commonly used to describe
children with disorders of posture and
movement occurring from a lesion in
the immature brain[1]. Cerebral palsy
is always accompanied with a variety
of impairments involving
neuromuscular, musculoskeletal and
sensory systems which may directly or
indirectly result from the existing
pathology[2]. Spasticity is a common
and very complicated phenomenon in
children with cerebral palsy, that has
been defined as “a motor disorder
characterized by a velocity-dependent

increase in tonic stretch reflexes

(muscle tone)” [3].

Botulinum toxin type A (BTX-A)
is a serotype of botulinum toxin,

produced by the Gram-positive

bacterium Clostridium botulinum [5].
The clinical effect of BTX-A when

injected in a muscle is decreased

activation of that muscle. In particular,
BTX-A binds and internalizes itself at
the presynaptic cholinergic nerve
terminals. The purpose of this action is
to inhibit the release of acetylcholine at
the  neuromuscular  junction. If
acetylcholine is not released the muscle
tends to be functionally denervated,
atrophy, and produce extra junctional
acetylcholine receptors. Normally, the
muscle gradually recovers as soon as
new axon terminals sprout and form
new synapses to contact the adjacent
muscle fibers [6]. A main benefit of
botulinum toxin A is treatment of local
or segmental dystonia. Over the last 20
years, BTX-A has also been used to
treat strabismus and muscle spasticity.
Considering how often spasticity is
observed in children with cerebral
palsy and that it limits their ability to
move, stand and walk, it is important to
look at the effect of BTX-A in these
children. This critical review examines
the recent literature on the effect of
BTX-A injections into muscles of

children with muscle spasticity.

Although there were some clinical
trials showing the efficacy of BTX-A
injections with additional
physiotherapy in children with cerebral

palsy [13, 14, 15, 16], especially in the



information

gastrocnemius  muscle,
about BTX-A

additional therapies was not clear.

injections  without
Therefore, the research question for
this systematic review was “Does
BTX-A

activity and reduce spasticity in

injection alone improve

children with cerebral palsy?”

Methods

Identification and selection of studies

Searches were conducted of
MEDLINE (1966 to May 2019),
PUBMED (1966 to May 2019) and
PEDro (1966 to May 2019) databases,
with language in English using
keywords related to Botox and cerebral
palsy. Studies were included if were
randomized controlled trials with
participants children with cerebral
palsy (under 18 years of age) that had
received Botox-A injection The control
group of the studies had to have
received only other usual therapy such
as splinting. Outcome measurements
analyzed were body and function and

activity outcomes (Table 1).

Table 1 Inclusion criteria

Design
oRCT

eBTX-A injection versus usual
therapy (both group or only
control group received splinting or
usual therapy)

Participants
oChildren, i.e., <18 years old
eSpastic cerebral palsy
eAny level of GMFCS
Intervention

eBTX-A injection to lower
extremities

Outcome measures

eOutcome measures of body
structure and function, ie, muscle
tone

eOutcome measures of activity, ie,
gait speed or gross motor function

*BTX-A = Botulinum Toxin A,
GMEFCS = Gross Motor Function
Classification System, RCT =

Randomized Controlled Trial

Assessment of characteristics of studies

Quality
The quality of included studies

was assessed by extracting PEDro

scores from the PEDro website

(https://www.pedro.org.au/).



https://www.pedro.org.au/

X 1%

Participants

Studies involving children with
cerebral palsy of either gender,
regardless of the level of initial

disability were included.

Intervention

The experimental group had to
receive BTX-A injection. The control
group had to receive other intervention,
such as exercises or splinting. Both
groups of participants could have

received usual therapy.

Outcome Measures

Measures that best reflected the
body structure & function and activity

trained were used in the report.

Data analysis

Information about the method (i.e.,

design,  participants, intervention,
measures) and outcome data (i.e.,
number of participants and mean (SD)
of outcomes) were extracted. We
calculated the mean difference (%
difference) for each study and
presented the between baseline and
post training analysis reported as
following formula.

(Post-Pre) Exp — (Post-Pre) Con

(Base Exp + Base Con)/2

Results

Flow of studies through the review

The search strategy identified 533
studies. After screening titles and
abstracts, 39 full papers were retrieved.
After full texts were read and assessed
against the inclusion criteria, three
randomized controlled trials were
included in the review. See the Figure
1 for the flow of studies through the

review.

Titles and abstracts
screened

Papers excluded (n
= 494)

A 4

\4

Potentially relevant

papers retrieved for

evaluation of full of full text (n =19)

Research design not RCT
(n=12)

A 4

(n=5)
Outcome measure not for
activity (n = 1)

A\ 4

Papers included in

Papers excluded after evaluation

Both groups received BTX-A

Compared pt's two legs (n = 1)

systematic review

v

Full text
screened (n=3)

Figure 1. Flow of studies through the review.

Characteristics of Included Studies
Three studies that compared BTX-A

injection with another usual
intervention were included in the
review [17, 18, 19].



Quality
The mean PEDro score of the papers was 5.5 (range 4 to 7) (Table 2). In the

majority of the papers: participants were randomized (100%), between-group
difference was reported (100%), point estimates and variability were reported (100%),
had similar groups at baseline (100%), and had blinded assessors (67%). On the other
hand, the majority of studies did not carry out an intention-to-treat analysis (100%),
did not blind participants or therapists (100%), reported < 15% loss at follow-up
(67%) and did not conceal the allocation list (67%).

Table 2 PEDro scores for included papers (n = 3)

Point

Groups Between-
Intention estimate
Random Concealed similar Participan = Therapist  Assessor <15% group Total
Study -to-treat and
allocation allocation at t blinding blinding blinding  dropouts difference (0 to 10)
analysis variability
baseline reported
reported
Corry et al
Y N Y N N Y N N Y Y 5
(1998)
Flett et al
Y Y Y N N Y Y N Y Y 7
(1999)
Hazneci et al
Y N Y N N N N N Y Y 4

(2006)

Participants
Three studies investigated children and adolescents with the mean age of
participants ranging from 4.6 to 8.8 years. Participants were of GMFCS level from I

to III. Summary of the characteristics of the studies is presented in Table 3.

Intervention
The experimental group received Botox injection in the lower extremities. Two
studies had BTX-A in the gastrocnemius and one study had BTX-A in the hip

adductors and hamstrings. The control group received various splinting methods, i.e.,

stretching cast, fixed plaster casting and Johnstone pressure splints (Table 3).




Measures

Body structure and function was measured using the Modified Ashworth Scale

and activity was measured using the Gross Motor Function Measure (GMFM) and
the Physician Rating Scale (PRS).

Table 3 Characteristics of the studies (n = 3)

Study Design Participants Intervention Outcome Measures
Corryet  RCT n=20 Exp =BTX-A Activity:
al [19] Mean age (range) = Muscle/Dose: PRS (score)
4.6yr(2-9) -gastrocnemius: 6-8 U/kg week =0, 2, 12
Classification = spastic -soleus :6-8 U/kg
cerebral palsy Con = Stretching cast
GMFCS =111 (4-6 wks)
Flettetal RCT n=20 Exp =BTX-A Body structure and function:
[17] Mean age (range) = Muscle/Dose: MAS (grade)
3.71yr(2-8) -gastrocnemius: 4-8 U/kg
Classification = spastic Con = Fixed plaster casting Activity:
cerebral palsy (reapplication at 2 wks, GMFM (%)
GMFCS = I-1II removed at 4 wks) week =0, 8, 16, 24
Hazneci  RCT n=20 Exp =BTX-A Body structure and function:
etal [18] Mean age (range) = 8.78yr Muscle/Dose: MAS (grade)
Classification = spastic -hip adductors
diplegia cerebral palsy -medial hamstrings Activity:
(Total of 322 TU of BTX-A GMFM (%)
was injected) week =0, 12

Con =JPS

(30 min/session, 3 days/wk)
Both = BNDEs

(3 days/wk)

*BNDE = Bobath neurodevelopmental exercises, BTX-A = Botulinum toxin A, Con = Control group, Exp =

Experimental, GMFCS = Gross Motor Function Classification System, GMFM = Gross Motor Function

Measure, JPS = Johnstone Pressure Splints, MAS = Modified Ashworth Scale, PRS = Physician Rating

Scale, RCT = Randomized Controlled Trial.
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Effect of BTX-A injection versus splinting

Body structure and function

The immediate effect of BTX-A injection compared with splinting on body
structure and function was examined by MAS from 2 comparisons with a PEDro
score of 5.5 and 40 participants. The results show that BTX-A injection decreased
spasticity (Modified Ashworth Scale mean difference: -0.7, p=0.002) (Percentage
change = -25%) compared with splinting in one of these studies [18]. The other RCT
demonstrated no significant difference between groups [17] (Table 4).

Activity

The immediate effect of BTX-A injection compared with splinting on activity
was measured using GMFM and PRS from 3 comparisons with a PEDro score of 5
and 60 participants. One RCT only showed that children in the group with BTX-A
injection increased GMFM (mean difference: 11.14, p= 0.03) (Percentage change =
32%) compared with control group [18] (Table 4). The other two RCT’s showed that
children of the experimental group (BTX-A injection) did not improve PRS or
GMFM (Percentage change = -25%, -2%) in comparison with control group [17, 19]

(Table 4).
Table 4 Within group and between groups effect on motor function and
spasticity after BTX-A injection (n = 3)
Significance of the Percentage change
Outcome Mean difference
Study difference within (EXP comparison
measure within group/
experimental group with CON)
Corry et al PRS 0/(SD=NA) P =0.006 25% (P =NA)
(1998)
Flett et al GMFM 6.41/(SD=NA) P <0.01 -2% (P=NA)
(1999) MAS -1.01/ (SD=NA) P <0.01 -3% (P =NA)
Hazneci et al GMFM -13.55/(SD=28.66) P <0.001 32% (P =0.03)
(2006) MAS 1.18/(SD=0.59) P <0.001 -25% (P =0.002)

*CON = control group, GMFM = Gross Motor Function Measure, MAS = Modified Ashworth Scale, PRS =

Physician Rating Scale, Only significant p values are reported.




Discussion

This narrative review reported the
results from 3 RCTs that implemented
BTX-A injection to children with
cerebral palsy. All articles were
published before 2006 The results of
the review support preliminary
evidence of the effectiveness of BTX-
A in spasticity and gross motor

function of children with cerebral palsy.

The Hazneci et al [18] study only
found statistically significant
differences between the experimental
and control group in MAS and GMFM
at post-intervention. In this study
adductors and hamstrings were injected,
while in the other 2 studies that did not
find positive results gastrocnemius was
injected. Also, the study of Hazneci et
al [18]
compared with the studies of Corry et
al and Flett et al [17] that included very

small children. Therefore, a reason that

included older children

these latter studies did not show any
improvement in spasticity or gross
motor function after the BTX-A
application might be that younger
children could not comply with

instructions following the BTX-A such

as positioning or avoiding certain
activities. The fact that in the study of

Hazneci et al [18] the children were
older and could
instructions after the BTX-A might
helped these

comply  with

children to show

Additionally, the
children in this study continued after
of BTX-A with

neurodevelopmental exercises that may

improvements.

the application

also helped them to improve.

The PEDro scale score for each of
these three studies was 5, 7, and 4 [17,
18, 19]. Considering the PEDro score,
this review was based on randomized
trials of low to high quality. Given that
5 1s moderate PEDro score achievable,
because it is not possible to blind the
therapists or participants  during
complex interventions such as BTX-A
injection, the mean PEDro score of 5
for the papers included in this review
suggested that the findings were
relatively credible. In addition, most
studies

experimental group positive differences

demonstrated within
either in spasticity (MAS) or activity
(GMFM). Although this is a good
effect, we cannot support high
evidence of the effectiveness of the
BTX-A in spasticity and activity of
children with spastic cerebral palsy
because

statistically significant

differences  between  groups are



required to have been reported in the
studies.

Although BTX-A is an excellent
treatment to decrease muscle spasticity,
its main limitation is the relatively
short duration of its action. The
interval  for
published
literature is between two and three
months [21]. Compared to the studies
[13, 14, 15, 16], only one of the studies

included in our review had significant

average reinjection

blepharospasm in  the

improvements in GMFM and no study
in PRS. The reason may also be that
BTX-A

followed by exercise could not improve

injection  without  been

gait and gross motor function.

This  review  generates an
implication for clinical practice with
children with spastic cerebral palsy.
BTX-A injection is an effective way to
decrease spasticity at the body structure
and function level. Given that the same
dose of intervention without exercise is
likely to result in decreases in
BTX-A
Bobath

neurodevelopmental exercises is likely

spasticity. However,

combined with

to result in decreases in spasticity but

also in increases in gross motor

function. Ultimately, the combination
of BTX-A injection and Bobath

neurodevelopment exercise would be
more effective and could be a choice in
the future.

Conclusions

Three studies were included in
this review examining the efficacy of
BTX - A in terms of decreasing
spasticity and increasing gross motor
abilities in children with spastic
cerebral palsy. This review provides
only some preliminary evidence that
BTX-A
spasticity and increase gross motor
function. Further, BTX-A combined
with  Bobath

exercises seems to have betters results

injection can  decrease

neurodevelopmental

in spasticity or gross motor function in
children with spastic cerebral palsy.
High quality randomized trials on
current and focused interventions
related to physical therapy are needed

in the future.
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Appendix
Search strategy
Databases
Medline (1966 to April 2017) and
Pubmed (1966 to April 2017).
The search of the databases was

using the terms as follows:

S A

1.cerebral pals$.mp.
2.hemiplegia.mp. or Hemiplegia/.
3.quadriplegia.mp. or Quadriplegia/.
4. hemiplegi$.mp.

5.monoplegia.mp.

6.triplegia.mp.

7.quadriplegi$.mp.
8.lor2or3or4orS5or6or7.
9.randomized controlled trial.pt.

10.randomized controlled trials.mp. or
Randomized Controlled Trial/.

11.controlled clinical trials.pt.
12.controlled clinical trial.pt.

13.random allocation.mp. or Random
Allocation/.

14 .single-blind method.mp. or Single-
Blind Method/.

15.clinical trial.pt.

16.exp clinical trial/.

17.(clin$ adj5 trial$).mp. [mp=title,
original title, abstract, name of

substance word, subject heading

word].

18.(single adj5 (blind$ or mask$)).mp.
[mp=title, original title, abstract,
name of substance word, subject

heading word].
19.placebo$.mp. or Placebos/.
20.random$.mp.



21.research design.mp. or Research
Design/.

22 .multicenter study.pt.

23.intervention studies.mp. or

Intervention Studies/.

24 cross-over studies.mp. or Cross-
Over Studies/.

25.control$.tw.
26.alternate treatment.tw.
27 .latin square.tw.
28.comparative Study/.
29.exp evaluation studies/.

30.follow-up studies.mp. or Follow-Up
Studies/.

31.prospective studies.mp. or
Prospective Studies/.

32.prospective.tw.

33.counterbalanc$.tw.

34.versus.tw.

35.0r/9-34

36.muscle spasticity/ or muscle
hypertonia/ or muscle rigidity/ or
muscle tonus/.

37.spasm/ or dystonia/ or paraparesis,
spastic/.

38.(spastic$ or high tone).tw.

39.(muscle$ adj5 (spasm or rigid$ or tone
or tonus or hyperton$ or hypermyoton$
or dyston$ or contracture$)).tw.

A

40.0r/36-39.

41.exp botulinum toxins/ or exp
phenols/ or ethanol/ or injections,

intramuscular/ or nerve block/.

42 (botulinum$ or botulin or botox or
BoNTS$ or BTX$ or disport or
xeomin or myobloc or neurobloc or
oculinum or onabotulinum$ or
abobotulinum$ or incobotulinum$

or rimabotulinum$).tw.

43.(phenol or ethanol or alcohol or
nerve block§ or motor point
block$).tw.

44 (intramuscular adj3 (injection$ or
treatment$ or medication§ or
neurolysis)).tw.

45.0r/41-44.

46.(child$ or adolescent$).mp. [mp=title,
original title, abstract, name of
substance word, subject heading
word].

47.8 and 35 and 40 and 45 and 46.

Databases: PEDro (1966 to April
2018)

Search strategy: Advanced.
Abstract and Title: Cerebral palsy

and Botox.
Subdiscipline: Paediatrics.

Method: Clinical trial.



Nonlinear Dynamic Analysis of Gear Pair System
Based on Crack Rotor-Bearing System with
Rub-Impact Effect

Abstract

of the

dynamic behaviors of a gear pair system

A systematic analysis
based on rotor-bearing system under
strongly nonlinear effects, i.e. nonlinear
suspension effect, nonlinear oil-film

force, nonlinear rub-impact force,
nonlinear gear mesh force and crack
effect is presented in this study. The
dynamic trajectories of the system are
observed using bifurcation diagrams
plotted using the dimensionless
rotational speed ratio and dimensionless
parameter of depth of crack as control
parameters. The onset of non-periodic or
chaotic motion is specified from the
phase diagrams, power spectra, Poincaré
maps, Lyapunov exponents and fractal
dimension of the system. There exist

various forms of periodic, quasi-periodic
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and chaotic motions at different
bifurcation parameters. The simulation
results are also found that highly

non-periodic motions do exist in
gear-rotor-bearing systems under those
nonlinear effects. The results presented
in this study provide an understanding of
the operating conditions under which
undesirable dynamic motion takes place
in a gear-bearing system and therefore
serve as a useful source of reference for
engineers in designing and controlling
such systems.
Keywords:gear pair, crack,
rub-impact,rotor-bearin

g system

Introduction

It 1s well known that vibrations of

gear pairs are significantly affected by



the amplitude and phase of deviations of

the tooth profile from the true involute
profile. Gear errors must be checked
carefully especially to avoid systematic
faults especially for highly precision
manufacturing, consequently.
Accordingly, many studies have focused
on analyzing gear dynamics [1-5] and
they introduced some methods based on
the measurement of the gear torsional
vibrations to identify natural frequency,
damping parameters and equivalent gear
error of a spur gear pair model with
constant stiffness. The effects of the
dynamic backlash subjected to internal
and external periodic excitations are
considered in the gear pair system and
performed by Li et al. [6]. The dynamic
backlash, time-varying stiffness and
excitation force amplitude are also
considered in this study. The parametric
resonance, multi-valued properties and
jump phenomena are found in the
dynamic model. The excitation force
amplitude is not the key effect to affect
the vibration of gear systems, but the
increase of dynamic backlash and
damping ratio may play the significant
roles to control the nonlinear vibration.
Li et al. [7] studied a gear-shaft-bearing
system with the backlash, time-varying

mesh stiffness and radial clearance of

57 = R

bearing. The crack effect of shaft is also
considered in their study. The dynamic
responses and bifurcation plots are used
to show their simulation results. They
proved that gentle crack fault may
induce instantaneous tooth separation
and serious double-sided impact faults.
Cooley et al. [8] presented a comparison
of calculation approaches to study the
gear dynamics with the gear tooth mesh
stiffness. Dai et al. [9] studied the
dynamic responses of the spur gear pair
system with both the theoretical and
The

tooth root strains and experimental

experimental analysis. dynamic
correlations are also considered in their
study. Sainte-Marie et al. [10] analyzed
spur gear and helical gear considering
the correlation between dynamic
transmission error and dynamic tooth
loads in their study. Korta et al. [11]
used the method of combining finite
element and multibody
study the

nonlinear dynamics of gear systems with

approach
modeling techniques to

time-efficient  simulation.  Recently,

Arreyndip et al. [12] performed a

research  of  studying  nonlinear

multi-frequency dynamics of wind
turbine components with a single-mesh
helical gear train system. Including

time-varying mesh stiffness, axial



1%

vibrations, torsional vibrations, shaft and
bearing damping and gear backlashes
are considered in their study. They
proved that a smaller mesh frequency
will induce extra noise in the generator,
and the external excitation due to wind
gust has a greater influence on the
nonlinearity of the wind turbine
dynamics as compared to the internal
excitations due to static transmission
errors, time and varying mesh stiffness.
Previous studies never considered all
the nonlinear effects, i.e. nonlinear
suspension, nonlinear rub-impact force,
nonlinear oil-film force, crack shaft
effect and nonlinear gear mesh force to
analyze the gear-rotor-bearing systems
at the same time. The present study
performs a nonlinear analysis of the
dynamic behavior of a gear pair system
equipped with rotor-bearing system
under nonlinear suspension, nonlinear
rub-impact force, nonlinear oil-film
force, crack shaft effect and nonlinear
gear mesh force. The frictional force of
meshing teeth, time-varying stiffness
and damping on gear pairs system are
also considered in this study. The
reminder of this paper is organized as
follows. Section 2 derives dynamic

models for the gear-rotor-bearing system

with a nonlinear suspension effect,

strongly nonlinear rub-impact force,
strongly nonlinear gear mesh force,
crack shaft effect and strongly nonlinear
oil-film force. Section 3 describes the
simulation results of techniques, i.e.
phase plots, FFT spectra, Poincaré maps,
bifurcation diagrams, Lyapunov
exponents and the fractal dimension of
the system used to analyze the dynamic
response of the gear-rotor-bearing
system and also presents the numerical
analysis results obtained for the behavior
of the gear-rotor-bearing system under
various operational conditions. Finally,
Section 4 brief

presents  some

conclusions.

Mathematical Modeling

The dynamic model simulating the
gear-rotor-bearing system under the
assumptions of nonlinear rub-impact
force, nonlinear fluid film force,
nonlinear suspension effect, crack effect
and nonlinear gear meshing force is

presented in Figure 1.
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Applying the principles of force equilibrium, the forces acting at the center of
journal 1, i.e. Oj1 (Xj1, Yj1), center of journal 2, i.e. Oj (Xj2, Yj2), equations of motion
of Oy(Xg, Yg) and Oy(Xp, Yp) in Cartesian coordinate form and equations of motion of
the center of bearing 1 (X1, Y1), the center of bearing 2 (X2, Y2) and the center of rotor

under the assumption of nonlinear suspension are given by

myX, + CXp + Kp1 (Xp — Xj1) = Wiy (1)
MpYy + CYy + Kp1 (Y = Y1) = Lpy — Gpy — Wey —myg ()
moXy + CXg + Ky (Xg = X2) (1 = 222) + 2L K[ (X, — X,) cos2at) + (¥, — ;) cosat)] = —W, 3)
myY, + CYy + Kpp (Y, — ¥j,) (1 — 61262) + %K[(Xg — X);) cos2wt) — (Y, — ¥},) cos(2wt)]
= Lpy — Gpy + Wey —mgg 4)
m X, + C X, + K X, + Ko X3 = Fyy (5)
mY; +CYy + K Yy + K YP = —myg + Fpy (6)
myX; + CoXo + Kp1 Xo + Kpo X3 = Fip (7)
m,Y, + CoYy + Koy Yo 4+ Kpp Y3 = —myg + Fyy (8)
m.X, + C. X, + K, (X, — X)) + K, (X, — X;1) = mypw?cos¢p + R, 9)
m.Y, + C,Y, + K, (Y, = Y,) + K, (Y, — Yj1) = mpw?cos¢p —m,g + R, (10)

where fe1 and fy are the viscous damping forces in the radial and tangential directions
for the center of journal 1 respectively, and fe; and f,, are the viscous damping forces
in the radial and tangential directions for the center of journal 2 respectively. Ry and

Ry are the components of the rub-impact force.

S _lL Zf_ﬂ_ﬂ S _i_ §+ n 2LR 2#
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h=2JR—&, n&)=a-R+R? =& is the local depth of crack, Lis the length of shaft
between both supported ends, R is the radius of journal, E isthe Young’s Modulus,

a 1s the depth of crack and v is the poisson ratio.

Fl (2) = 2h

h {0.923 4+ 0.199[1 —sin(7z7)]*}/ cos(Z—Z)

zn
t _
71y tan( oh )




2h

Fz(%)= {0.752+2.02(%)+o.37[1—sin(m;)f}/cos(%) . L, and L, are the centrifugal

n tan(%)
forces in the vertical gear mesh direction for pinion and gear, G, and G are the
inertia forces in the vertical gear mesh direction for pinion and gear, w, is the
dynamic gear mesh force in the horizontal direction, and w,, is the dynamic gear
mesh force in the vertical direction. L,, L,, G,, G,, W, and w, can be

py 9y Py ay eX

performed as:

L, =me,;sing, (11)
Ly, =M,e,; sinb, (12)
Gpy = mpepé'lcosel, (13)
Ggy = mgegé'zcowz, (14)
Wex = Cn(X, — X, — e,Qsin(Q0)) + K, (X, — X, — €, sin(Q1)), (15)
Wey = Cn(Y, — Y, — e,Q cos(Q1)) + K (Y, — Y, — e, cos(Q1)), (16)

Introducing the following parameters:

. . d d o’
x;=X;/d ,y,=Y,/d , j=12jlj2,pg, E:Q@’ SZZF’ o) =K/m , w,=Q/8,
m,9 Kg G c

w,=Q/4 , P=E,N16, p,=E,/16, f=

C C Coym, C, m, K )
§3= L 5 54_ ’ 6“:5_ ’ 56_ ’ Clp__’ Cm__: S, _Colclps ]
2,fKm, 2 [Km, 2m, VK 2JK,m, m, K
mp
K m2 2 2
Co=2 | C, =N spoc,Cys . A=tm o oa DM o KedKO S KadTK
m, k, K g mgK2 mm, m,m,
p=mcw’, F:I—%
2
Equations (1)~(10) can be expressed as
" 25, 1 28, ., . A
X, =—%Xp —S—Z(Xp—Xl—EICOS¢)1)+ﬂCOS(¢/4)—T3(Xp—Xg—Ep sm¢)—s—2(xp—xg—Epcos¢), (17)
w28 1 . . 2, A . f
Yy =2y (Y, - sing )+ B 4) -2y -y, ~E,cosh)- (9, - Yy ~Epsing)-5,  (18)
28 T 5 f . .
Xy = —%Xg —s—z(xg —X,—&, cosgoz)—zl?[(xg =X, — &, C08 ,) cos(29) + (Y, — Y, — &, sing, ) sin(2¢)]

265 ’ ’ : Ag
+ B, cos(¢/8)+T(Xp -x;—E, s1n¢)—s—2(xp —X, —E,cosg) | (19)
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S
. 255 ’ ' Ag : fg
+5, Sm(¢/8)+T(yp -Y, —Epcosqzﬁ)+s—2(yp -y, —E, smqﬁ)—s—2 , (20)
2& o, 1
X, +?1x1 +;Xl+sl X’ - 5 ——— (X, =X —&cosp)=0, (21)
2& a 1 . f
Y1 +_IIY1 51 y +§Y13_m(yp_yl_é‘lsm%)‘*?:o» (22)
n 2& a
X, +_26X2 s N X2+5_22X23_m(xg_XZ_SZCOS¢2)=03 (23)
2& a 1 . f
yz +—26y2 82 y2+s_22y23_m(yg_y2_5251n¢2)+s_2=09 (24)
X, _,_éx +—(x —X )+L(x — X, —&£COoS )=,B cos¢+& (25)
s r g SZ r 1 (0 r p 2
3 3 3
) , 1 1 . . f R
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Equations (17)~(26) describe a non-linear dynamic system.




Analytical Tools, Numerical
Results and Discussions

The analytical tools used to observe
nonlinear dynamics of the

gear-rotor-bearing system with
rub-impact effect and crack effect in this
study are dynamic trajectories, Poincaré
maps, spectrum, bifurcation diagram,
Lyapunov  exponent and  fractal
dimension. A bifurcation diagram can be
used to summarize the essential
dynamics of the system and is therefore
a useful means of observing its nonlinear
dynamic response at first step. Then we
may check the dynamic trajectories,
Poincaré maps and spectrum for each
bifurcation parameters to clarify the
more detailed dynamic behaviors in the
next step. Finally, Lyapunov exponent
and fractal dimension are used as the

most useful tools to detect chaotic

motions for nonlinear dynamical
systems.
In the simulations, the system

parameters are assigned the following

values: =02, f,=02, =001, &=002,

£=0015 , £=002 , £=0015, & =002,

Cp=20,A=0.04, A, =0.04,0=10,a=10,
x,(0)=0.11 , X/(0)=0.00001 , y,(0)=0.22 ,
y/(0) = 0.00001, X,(0) =0.11, X;,(0) = 0.00001,
y,(0)=0.22,

y;(0)=0.00001  ,  x,(0)=0.11
X)(0)=0.00001  ,  y,(0)=022
y,(0)=0.00001  ,  x,(0)=022
X;(0)=0.00001 y,(0)=022
y,(0) =0.00001 , x.(0)=0.5 ,
x'(0)=0.00000001 ,  y.(0)=02

y;(0) =0.00000001[24].

The nonlinear dynamic equations
introduced in Equations (21) to (34) for
the gear-rotor-bearing system with
nonlinear suspension effects, strongly
nonlinear oil-film force, nonlinear gear
mesh force, crack effect and nonlinear
rub-impact force were solved with direct
numerical integration. The time step in
the iterative solution procedure was
assigned a value of w/300 and the
termination criterion was specified as an
error tolerance of less than 0.0001. The
time series data corresponding to the
first 800 revolutions of the whole system
were deliberately excluded from the
dynamic analysis to ensure that the
analyzed data related to steady-state

The effects of

on analyzing dynamical

conditions. system
parameters
behaviors are investigated in this section.
Among many control parameters, the
main system parameters, rotating speed
and parameter of depth of crack are

analyzed and discussed.



In practical rotor-bearing systems,

the rotational speed ratio s is most
commonly used as a control parameter.
Accordingly, the dynamic behavior of
the current gear-bearing system was also
examined using the dimensionless
rotational speed ratio s as a bifurcation
control parameter. Figures 2(a)~2(e)
display the bifurcation diagrams for the
displacement of the gear-rotor-bearing
system with crack effect against the
dimensionless rotational speed ratio, s.
The bifurcation diagrams show that the
centers of bearing 1, bearing 2, gear
center, pinion center and rotor center
perform almost the same dynamic
behaviors for different rotational speed
ratios s, but the amplitude of each
geometrical center behaves totally
different. Especially, the dynamic
trajectories of gear center and pinion
center present higher amplitudes for
almost every dimensionless rotational
speed ratios except lower rotational
speed ratios. The dynamic trajectories
behave T-periodic at lower rotational
speeds, 1.e. s<0.49, and they will become
quasi-periodic for s=0.50~0.89. The
dynamic trajectories present fully
non-periodic until s<3.50 and they
present chaotic for s=0.90~1.49,
quasi-periodic for s=1.50~1.99, chaotic

s D

for $=2.00~2.30, quasi-periodic for
s=2.31~2.49 and
s=2.50~3.50. 3T-periodic motions are
found for s=3.51~3.79, and they may

chaotic for

regarded as chaotic motions. Then the
dynamic trajectories
s=3.80~4.20 and

become 8T-periodic for s>4.21, finally.

perform

quasi-periodic  for

The dynamic trajectory of rotor
center is most important for the analysis
of gear-rotor-bearing system especially
with crack effect, and therefore we
introduce the dynamic orbits more
clearly. In figures 3, Poincaré maps
corresponding to different dimensionless
rotational speed ratios for rotor center
are provided to show the tendency of
dynamic trajectories of rotor center. The
Poincaré section shown in figures 3 tells
us that the return points of Poincaré
maps present periodic at s=0.01, 0.10,
0.20, 0.30 and 0.40, quasi-periodic at
s=0.50, 0.60, 0.70 and 0.80, chaotic at
s=0.90, 1.00, 1.10, 1.20, 1.30 and 1.40,
quasi-periodic at s=1.50, 1.60, 1.70, 1.80
and 1.90, chaotic at s=2.00, 2.10, 2.20,
2.30, 2.40, 2.50, 2.60, 2.70, 2.80, 2.90,
3.00, 3.10, 3.20, 3.30, 3.40 and 3.50,
3T-peirodic at s=3.60 and 3.70,
quasi-periodic at s=3.80, 3.90, 4.00, 4.10
and 4.20, 8T-peirodic at s=4.30, 4.40,
4.50, 4.60 and 4.70. Figures 4 and 5 are



the simulation results for center of rotor

center at s=1.30 and 3.50 in the
horizontal direction respectively. The
phase diagrams are highly disordered
and the power spectra reveal numerous
excitation frequencies. Furthermore, it
can be seen that the return points in the
Poincaré maps form geometrically
fractal structures and the maximum
Lyapunov exponent is positive in each
case. Finally, the fractal dimensions are
found to be 2.38 and 2.46 for the
dimensionless rotational speed ratio of
s=1.30 and 3.5 at the rotor center
respectively. In other words, the results
presented in these figures all indicate
that the center of rotor exhibit chaotic
of the

dimensionless rational speed ratios.

behaviors at those values

In this study, we introduce an
important parameter, i.e. the depth of
crack to verify the significance of rotor
with crack effect. Figures 6 are
bifurcation diagrams of gear-bearing
system using dimensionless parameter of
the depth of crack, A, as bifurcation
parameter. The bifurcation results reveal
that the dynamic trajectories behave
nT-periodic for small depth of crack and
non-periodic for higher values of depth
of crack in accordance with the

numerical results. We also pick a value

of depth of crack to prove that the
this

gear-rotor-bearing system, e.g. A=0.93.

chaotic motion found in
In figures 7, the dynamic trajectory
behaves highly disordered and it may be
classified as non-periodic. Nevertheless,
we still cannot regarded the trajectory
belongs to chaotic motion or
quasi-periodic motion. Thus, we must
introduce other tools to verify the
dynamic behavior of rotor center with
dimensionless depth of crack A=0.93.
The power spectrum in this case reveals
numerous excitation frequency and the
return points in the Poincaré¢ map form a
The

maximum Lyapunov exponent is also

geometrically fractal structure.
positive in this case. Finally, the fractal
dimension is found to be 2.33 for the
dimensionless depth of crack A=0.93 at
the rotor center. In other words, the
results presented in these figures all
indicate that the rotor center exhibits the
so-called chaotic behavior at the value of

the dimensionless depth of crack.

Conclusions

This study performed a numerical
analysis of the nonlinear dynamic

responses of a gear-rotor-bearing system

subject to nonlinear rub-impact force,
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nonlinear suspension effects, nonlinear
oil-film force, nonlinear gear mesh force
and crack effect. The dynamic responses
of the system are evaluated by reference
to its dynamic trajectories, power spectra,
Poincaré maps, bifurcation diagrams,
maximum Lyapunov exponents and
fractal dimensions, respectively. The
analysis has investigated the dynamic
response of the gear-rotor-bearing
system as a function of the
dimensionless depth of crack (A) and the
dimensionless rotational speed ratio (S).
The simulation results have shown that
the gear-rotor-bearing system exhibit
periodic, sub-harmonic, non-periodic
and chaotic motions. Overall, the results
presented in this study provide a detailed
understanding of the nonlinear dynamic
response of a gear-rotor-bearing system
under typical rotational speed condition
and crack effect. Specifically, the results
enable suitable values of the depth of
crack and rotational speed ratio to be
specified such that chaotic behavior can
be avoided, thus reducing the amplitude
of the vibration within the system and

extending the system life.

Nomenclature

A dimensionless parameter of the depth
of crack, A=a/R

a depth of crack
damping coefficient of the gear mesh

Ci1 damping coefficients of the
supported structure for bearing 1

C, damping coefficients of the

supported structure for bearing 2
dimensionless parameter, c,, =—

C, dimensionless parameter,

dimensionless parameter, c, -
C,, dimensionless parameter, C,, =

e static transmission error and varies
as a function of time

e; offset of the journal center of the
rotor relative to the X-coordinate
direction

. . m
f dimensionless parameter, f =dLKg

f. dimensionless parameter, f _Kg

¢ ¢ dm,

fe,f, components of the fluid film
force in radial and tangential
directions

g acceleration of gravity

K stiffness coefficient of the gear mesh

K11, Kio  stiffness coefficients of the

springs supporting the two

bearing housings for bearing 1



X 1

. . 2
Ko, Koo stiffness coefficients of the o, dimensionless parameter, o, = Krz‘:n K
1'p
springs supporting the two bearin , , 2
P g PP g 8 «, dimensionless parameter, q, - <29 K
housings for bearing 2 m,m,
Ko1, Kp2 stiffness  coefficients of the ¢ dimensionless parameter, ¢ = . E
lml
shafts c
. ¢ dimensionless parameter, & -
L bearing length ’ P 273 Km,
m, mass of the bearing housing for ¢ dimensionless parameter, & - clz(m
: 2, JKm
bearing 1 b
. . . . C
m, mass of the bearing housing for ¢ dimensionless parameter, ¢, = =
2 |—m
bearing 2 m,
ini . . C,4m
mp mass of the pinion & dimensionless parameter, & =—"Y_
2m K
My mass of the gear
. . C
O: geometric centers of the bearing 1 ¢, dimensionless parameter, ¢ = N
2772
O, geometric centers of the bearing 2 : :
2 5 & A dimensionless parameter, A=Kn
Oj1 geometric centers of the journal 1 K
. ) . . K,m}
Oj2 geometric centers of the journal 2 A, dimensionless parameter, A, - -

«

Oy center of gravity of the gear ..
g & Y & mass eccentricity of the rotor

O, center of gravity of the pinion
p pressure distribution in the fluid film rotational speed of the shaft

Yo,
¢ rotational angle, g=wt
@

R inner radius of the bearing housing 0

the angular position oil dynamic
r radius of the journal.

viscosity
2

. . @
s rotational speed ratio, s:(?)l/2 £ eccentricity ratio, e=e/c
o, natural frequency, «, =,/K/mp

o, dimensionless parameter, o, =a,/8

s, dimensionless parameter,
S12 =C,Cpp s’

: : o, dimensionless parameter, o, =w,/4
s, dimensionless parameter, P p > e

s> =C,,C,, 8 ¢ attitude angle of the rotor relative to

X, Y, Z horizontal, vertical and axial the X-coordinate direction

coordinates

Xi,Yi Xi/c,Yjlc . j=12]1j2 pg
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bifurcation parameter.
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Fig.3 Poincaré maps corresponding to different dimensionless rotational speed ratio,

S(x, ).
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