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Abstract   With the rapid development of high-power-density electronic devices, interface thermal resistance has become a critical barrier for ef-

fective heat management in high-performance electronic products. Therefore, there is an urgent demand for advanced thermal interface materi-

als (TIMs) with high cross-plane thermal conductivity and excellent compressibility to withstand increasingly complex operating conditions. To

achieve this aim, a promising strategy involves vertically arranging highly thermoconductive graphene on polymers. However, with the currently

available methods, achieving a balance between low interfacial thermal resistance, bidirectional high thermal conductivity, and large-scale pro-

duction is  challenging.  Herein,  we prepared a graphene framework with continuous filler  structures in  in-plane and cross-plane directions by

bonding corrugated graphene to planar graphene paper. The interface interaction between the graphene paper framework and polymer matrix

was enhanced via surface functionalization to reduce the interface thermal resistance. The resulting three-dimensional thermal framework en-

dows  the  polymer  composite  material  with  a  cross-plane  thermal  conductivity  of  14.4  W·m−1·K−1 and  in-plane  thermal  conductivity  of  130

W·m−1·K−1 when the thermal filler loading is 10.1 wt%, with a thermal conductivity enhancement per 1 wt% filler loading of 831%, outperforming

various graphene structures as fillers. Given its high thermal conductivity, low contact thermal resistance, and low compressive modulus, the de-

veloped  highly  thermoconductive  composite  material  demonstrates  superior  performance  in  TIM  testing  compared  with  TFLEX-700,  an  ad-

vanced commercial TIM, effectively solving the interfacial heat transfer issues in electronic systems. This novel filler structure framework also pro-

vides a solution for achieving a balance between efficient thermal management and ease of processing.
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INTRODUCTION

Thermal  management  of  high-power  devices  is  a  crucial  chal-
lenge in  current  research and industrial  fields.[1,2] To  effectively
manage the heat generated by these devices, the development
of  materials  with  excellent  thermal  conductivity  is  necessary,
particularly in the vertical direction as thermal interface materi-
als  (TIMs).[3,4] Although  polymers  are  essential  electronic  pack-
aging materials, they are typically thermal insulators with a ther-
mal conductivity of around 0.2 W·m−1·K−1, severely limiting their
application  in  high-performance  devices.[5,6] The  development
of  polymer-based  composites  reinforced  with  graphene  as  a
filler has emerged as a prominent research topic in recent years.
Because graphene itself possesses an ultrahigh thermal conduc-
tivity ranging from 3500 W·m−1·K−1 to 5300 W·m−1·K−1,  surpass-

ing  traditional  ceramic  and  metal  fillers  such  as  copper,  silver,
and boron.[7,8] However, it must be noted that the thermal con-
ductivity  of  graphene  is  anisotropic,[9,10] and  the  graphene
sheets are at the micro or nano scales, which will  greatly affect
the thermal conductivity of composites. There are different ma-
terial  preparation  strategies  in  both  industry  and  academia  for
these issues.

In  industry,  the  incorporation  of  uniformly  dispersed
graphene  fillers  into  polymers  is  a  common  method  to  pro-
duce  graphene  reinforced  thermal  conductive
composites.[11,12] This  approach  has  many  advantages,  such
as  relative  simplicity  in  the  fabrication  process,  lower  cost,
and  scalability  for  large-scale  production.[13] However,  de-
spite the inherent high thermal conductivity of graphene, its
full potential is not realized due to the disordered orientation
and  interfacial  thermal  resistance  of  graphene  sheets.[14,15]

Blindly  increasing  the  content  of  graphene  can  also  easily
lead to deterioration of mechanical properties such as modu-
lus and hardness.

In the academic field, constructing directional heat conduc-
tion  pathways  through  the  vertical  orientation  of  graphene
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sheets  can  significantly  improve  the  utilization  efficiency  of
graphene  and  the  thermal  conductivity  of  composite.[16−18]

Compared  to  randomly  arranged  structures,  this  highly  or-
dered  graphene  anisotropic  structure  can  achieve  higher
thermal conductivity at lower filler loadings, thereby improv-
ing the utilization efficiency of thermal fillers.[19−21] For exam-
ple,  freeze  casting  technique  offers  precise  control  over  the
freezing  rate  and  shape  of  the  freezing  template,  enabling
highly  controllable  three-dimensional  graphene  network
structures  while  maintaining  good  mechanical  strength  and
structural  stability.[22] Yu et  al.[23] prepared  oriented  three-
dimensional  graphene  aerogels  by  mixing  graphene  oxide
solution with polyacrylamide and employing a biaxial freeze-
casting  process.  Subsequently,  the  aerogel  underwent  high-
temperature annealing at 2800 °C and was compounded with
paraffin,  resulting  in  a  longitudinal  thermal  conductivity  of
8.87  W·m−1·K−1.  Zeng et  al.[24] applied polybutadiene coating
onto  surface-functionalized  graphite  films  and  employed  a
cross-stacking process to fabricate horizontally oriented com-
posites.  Following  that,  the  graphite  film  underwent  a  verti-
cal orientation by means of cutting and flipping, resulting in a
remarkable  through-plane  thermal  conductivity  of  64.90
W·m−1·K−1. Although these methods significantly improve the
utilization  efficiency  of  graphene  and  have  higher  thermal
conductivity  than  commercial  thermal  interface  materials,
they  face  the  challenges  of  cumbersome  preparation  meth-
ods and difficulty in large-scale preparation.

Especially, as a thermal interface material, the contact con-
dition between the filler and the device is crucial for its inter-
facial thermal resistance. Vertically oriented graphene typical-
ly  comes  into  contact  with  the  device  through  its  cross-
section,  and  the  nanoscale  size  makes  it  difficult  to  quickly
transfer heat from the device to the thermal interface materi-
al,  thereby  compromising  thermal  management  perfor-
mance.[25,26] Therefore, how to ensure the vertical orientation
of  graphene  while  increasing  its  contact  area  with  devices
and  possessing  the  potential  for  large-scale  processing,  has
become  the  key  to  the  development  of  high-performance
graphene based thermal interface materials.

Herein,  we  developed  a  feasible  hot-pressing  process  to
prepare  a  corrugated graphene paper  (CGP)  with  an aligned
microstructure  using  conventional  graphene  paper  as  start-
ing material. Firstly, the surface of graphene paper was treat-
ed  by  plasma  to  introduce  oxygen-containing  functional
groups,  followed  by  the  treatment  of  silane  coupling  agent.
Then,  CGP  was  constructed  by  hot-pressing  graphene  paper
in a simple compression mold with periodic groove structure.
Thermal  conductive  composite  materials  (CGP/PPDMS)  were
obtained  by  introducing  organic  silicon  into  the  corrugated
graphene paper. Due to the continuous graphene structure in
both in-plane and cross-plane directions,  the composites ex-
hibit excellent thermal conductivity (130 and 14.4 W·m−1·K−1)
and  thermal  conductivity  enhancement  efficiency  (831%).
The composite of flexible silicone rubber and elastic corrugat-
ed graphene gives the composites excellent soft elasticity, so
its  interface  contact  thermal  resistance  is  as  low  as  52.7
K·mm2·W−1.  By comparing it with advanced commercial ther-
mal  interface  materials  (TIMs),  we  further  demonstrated  the
superior performance of our CGP/PPDMS composite material

in interface heat transfer capabilities. The results of this study
provide valuable insights for the construction of high-perfor-
mance TIMs that has the potential for mass production.

EXPERIMENTAL

Materials
Hydride-terminated polydimethylsiloxane (HPDMS, Mw≈2.4×104

g·mol−1),  vinyl-terminated  polydimethylsiloxane  (VPDMS,
Mw≈2.8×104 g·mol−1),  Karstedt’s  catalyst,  and  ethyl  acetate
(99.5%  purity)  were  obtained  from  Aladdin  Co.,  Ltd.,  China.  3-
(Trimethoxysilyl)propyl  methacrylate  (TMSPMA),  polydimethyl-
siloxane(PDMS;  viscosity  500cSt,  plasticizer),  and  ammonia  wa-
ter  (98% purity)  were purchased from Heowns Co.,  Ltd.,  China.
Graphene paper (GP) with thickness of 20 μm was provided by
Hefei Aoqi Electronic Technology Co., Ltd., China. All the chemi-
cals  were  used  as  received  without  further  purification.  Deion-
ized water was prepared in the laboratory. Quartz flakes used as
the  substrate  were  purchased  from  Daiermeng  Science  and
Technology,  Ltd.,  China.  Two-component liquid silicone rubber
(SYLGARD  184),  consisting  of  liquid  silicone  rubber  as  compo-
nent A and a curing agent as component B in an A:B mass ratio
of 10:1, was purchased from Dow Corning, USA.

Preparation of Functional GP
GP samples with a thickness of 20 μm were cut into 4 cm × 10
cm pieces and placed in vacuum plasma treatment equipment
to  remove  surface  impurities,  and  etch  defects,  and  generate
oxygen-containing  groups  on  the  surface.  Plasma-treated  GP
samples were immersed in a mixture of hydrogen peroxide (30
wt%) and ammonia water (25 wt%) (5:1, V:V) for 12 h for surface
hydroxylation  at  60  °C.  The  hydroxylated  GP  samples  were
rinsed and dried,  and then placed for  24 h  in  vinyl  silane solu-
tion.  which  was  prepared  by  adding  10  mL  of  acetic  acid
(pH=3.5) and 2 wt% TMSPMA to 100 mL of deionized water, and
incubating at room temperature for 5 h.  Subsequently,  the pa-
per samples were washed with ethanol and dried to obtain the
functionally treated GP samples.

Preparation of Plasticized Polydimethylsiloxane
(PPDMS)
A specific molar ratio (x:y) of x-HPDMS and y-VPDMS, along with
a  small  amount  of  ethyl  acetate  as  a  solvent,  were  placed  in  a
beaker  and  stirred  for  8  h.  Subsequently,  Karstedt’s  catalyst  (5
mg·L−1) was added to the thoroughly mixed PDMS solution and
stirred extensively. Vacuum was applied to remove bubbles, and
the  mixture  was  heated  at  85  °C  for  6  h.  The  preparation  of
PPDMS  followed  a  similar  procedure,  with  the  addition  of  the
desired proportion of silicone oil before introducing the catalyst,
while maintaining the same curing temperature. Preparation of
corrugated graphene paper (CGP)/PPDMS composite materials

The functional GP was pressed using a compression mold-
ing technique inside a copper mold with continuous vertical
array structures at a temperature of 200 °C and a pressure of
1.0 MPa, resulting in the formation of CGP, as a thermally con-
ductive  filler.  However,  the  resulting  filler  structure  did  not
withstand most thermal sources. To address this issue, one of
the horizontal planes of the filler structure was encapsulated
using flat GP and super-glue. The prepared filler structure ex-
hibited a certain level  of  customizability,  which warrants fur-
ther  research.  After  repeated vacuum-assisted impregnation,
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CGP/PPDMS  composite  materials  with  different  sizes  of  CGP
were obtained. The resulting composite materials were heat-
ed at 85±1 °C for 24 h. To improve the quality of the compos-
ite material samples, a glass slide was applied to the top and
bottom horizontal surfaces during curing to reduce excessive
polymer-induced thermal resistance.

Characterization
The morphology and microstructure of  CGP were analyzed us-
ing  field-emission  scanning  electron  microscopy  on  a  Hitachi
S4800-15  kV  instrument.  The  surface  chemical  compositions
were determined using X-ray photoelectron spectroscopy (XPS;
K-Alpha+, Thermo Fisher, USA). Fourier transform infrared (FTIR)
spectra were recorded on a Thermo Scientific Nicolet iS20 spec-
trometer using 32 scans from 3500 cm−1 to 500 cm−1. Compres-
sion and shear  strength tests  were performed on the compos-
ites  using  a  general  mechanical  testing  machine  (XQ-1C,  Xi'an,
China).  In this case,  the compression rate was 2 mm·min−1 and
the specimen size was 20 mm (length) × 20 mm (width) × 2 mm
(height). The shear rate was 5 mm·min−1 and the specimen size
was 10 cm (length) × 1.5 cm (width) × 4 mm (height). The ther-
mal  diffusivity  (α)  was  measured  using  a  laser  flash  apparatus
(LFA 467, Netzsch, Germany), and the specific heat capacity (Cp)
was  measured  using  a  differential  scanning  calorimeter  (DSC;
Q20, TA Instruments, USA), and the density (ρ) was determined
using the water displacement method. Thermogravimetric anal-
ysis (TGA) curves were obtained on an STA 449F3 instrument in
the temperature range from 30 °C to 800 °C at a heating rate of
10  °C·min−1 under  a  dry  nitrogen  atmosphere.  In  addition,  the
compressive thermal conductivity was measured using the heat
flux method (TC2120E, XIATECH, China) with a sample size of Ф
25  mm  ×  2  mm.  Infrared  (IR)  images  were  obtained  using  a
Fluke  TiX640  IR  camera  to  record  the  temperature  distribution
of the samples. The thermal conductivity (κ, W·m−1·K−1) was cal-
culated using the following equation:

κ = ρ ⋅ Cp ⋅ α (1)

RESULTS AND DISCUSSION

Fig. 1(a) shows the preparation process of the CGP/PPDMS com-
posite  material  with  a  continuously  corrugated  structure  and
flexible  elasticity.  The  interface  bonding  between  the  GP  and
polymer matrix plays a crucial  role in the mechanical and ther-
mal  performance  of  TIMs.[27,28] Therefore,  we  enhanced  the  in-
terface bonding by functionalizing the GP surface, via two main
steps:  plasma  treatment  and  grafting  of  TMSPMA.  The  as-ob-
tained  functionalized  GP  (F-GP)  can  be  used  to  prepare  CGP
thermal  conductive  fillers  with  a  specific  corrugated  structure
using a simple compression molding method at a specific tem-
perature  and  pressure.  Subsequently,  we  integrated  CGP  with
PPDMS  by  performing  multiple  vacuum-assisted  impregnation
steps  to  form  the  CGP/PPDMS  composite  material.  The  special
corrugated structure of the thermally conductive filler provides
an effective heat conduction pathway within the composite ma-
terial, while PPDMS exhibits a low elastic modulus and excellent
resilience,  resulting in  improved mechanical  properties  and re-
duced  interface  thermal  resistance  owing  to  the  stable  chemi-
cal  bonding  between  both  composites.[24] As  shown  in  Fig.  S1
(in  the  electronic  supplementary  information,  ESI),  the  size  of

the  thermally  conductive  filler  could  be  adjusted  according  to
the dimensions of the mold used, which provided a certain de-
gree of customization. As shown in Fig. 1(b), we constructed five
regular, adjustable thermal conductive oriented structures, with
different radius (R) and named them R1 to R5, where R1 has the
most  compact  oriented  structure  and R5  has  the  sparsest  ori-
ented structure. The physical images clearly demonstrate good
and  regular  bonding  between  the  thermally  conductive  fillers
and  the  polymer  matrix.  The  unique  corrugated  structure  of
CGP-R fillers, along with the diverse spatial structure formed af-
ter integration with the matrix, can be expected to influence the
thermal and mechanical performance of the resulting compos-
ite material.

The matrix material used in this study was prepared via the
hydrosilylation  reaction  between  VPDMS  and  platinum-
catalyzed HPDMS, which is a commonly used crosslinking re-
action  in  the  synthesis  of  organosiloxane  elastomers.[29] Due
to the functional groups located at the ends of the PDMS pre-
polymers,  the  crosslinked  chains  exhibit  physical  entangle-
ment  rather  than  covalent  bonding  between  multiple  poly-
mer  chains.  To  enhance  the  flexibility  of  the  material,  we
added dimethyl silicone oil as a nonreactive plasticizer to the
silicone rubber system. As shown in Fig. 1(c), the crosslinking
reaction  between  HPDMS  and  VPDMS  in  an x:y ratio  is  con-
ducted  at  85  °C,  leading  to  molecular  chains  with  different
lengths  within  the  polymer,  which  influenced  the  compres-
sion  performance.  The  plasticizer  content  refers  to  the  mass
ratio of the overall matrix material.

The cross-sectional SEM images of the microstructure of GP
(Figs.  1e and  1f)  show  a  dense  multilayer  structure  with  a
thickness  of  20  μm  upon  magnification.  During  the  experi-
mental  process,  we  found  that  conventional  compression
molding  methods  were  ineffective  for  converting  GP  into
CGP, resulting in a certain degree of collapse. However, inter-
estingly, this problem could be overcome by using appropri-
ate temperature and pressure conditions (200 °C and 1.0 MPa)
during the compression molding process, allowing the GP to
be  effectively  shaped  without  collapse.  This  phenomenon  is
explained from a microscopic point of view, as shown in Figs.
1(g)  and  1(h).  Even  though  the  graphene  paper  has  already
possessed  a  relatively  thin  thickness  (20  μm),  the  manifesta-
tion of the force on its upper and lower surfaces during com-
pression  is  still  different.  In  particular,  the  location  of  the
trough of  the corrugated-type structure,  with  its  upper  layer
close  to  the  pressure  source,  is  mainly  affected  by  compres-
sion,  while  the  lower  layer  is  far  away  from  the  pressure
source and is mainly affected by tensile action. If  the applied
compressive force is too large, it can produce the generation
of irreversible microfolds and lead to the occurrence of layer
separation.[30,31] Fig.  1(d)  depicts  a  schematic  representation
of the deformation during the GP shaping process, in which a
reversible plastic deformation is  induced by applying a com-
pressive force, where the applied compressive force induces a
rearrangement of atoms within the graphene paper material.
By applying an appropriate compression force, the interlayer
spacing  of  the  graphite  sheet  can  be  gradually  reduced  to
form  the  desired  corrugated  structure.  At  the  same  time,
higher  temperatures  increase  the  thermal  movement  of  the
material's  molecules,  providing  a  greater  amount  of  thermal
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energy  and  making  displacement  between  molecules  more
likely to occur. This increase in thermal energy helps to allevi-
ate the stress concentration phenomenon, thus reducing the
stress aggregation effect during plastic deformation.

The  principle  of  silane  coupling  agent  grafting  onto  the
surface  of  GP  is  depicted  in Fig.  2(a).  Initially,  the  relevant
groups in the silane coupling agent underwent hydrolysis, re-
sulting  in  the  formation  of  silanols.  Subsequently,  these
silanols  interacted  with  the  hydroxyl  groups  on  the  GP  sur-
face,  forming  hydrogen  bonds  and  undergoing  condensa-
tion  reactions.  Simultaneously,  the  silanols  interlink  and  ag-
gregate  to  form  a  network-like  structure.  The  hydrophobic
groups  on  the  outer  side  of  the  silane  coupling  agent  en-
hance  compatibility  with  the  polymer  and  expose  the  reac-
tive  double  bonds  for  addition  reactions.  The  functionaliza-
tion of GP alters its surface properties, which can be evaluat-
ed using the change in water contact angle as an indicator, as
shown  in Fig.  2(d).  The  contact  angle  of  the  original  GP  was
82.7°, indicating neither hydrophobic nor hydrophilic charac-
teristics.  After plasma treatment, the contact angle of GP de-
creased  to  22.7°,  which  is  indicative  of  strong  hydrophilicity
attributable to the introduction of numerous oxygen-contain-

ing  groups  on  the  GP  surface  due  to  plasma
bombardment.[32,33] Meanwhile, the contact angle of GP after
coupling agent grafting increased to 108.4°, indicating strong
hydrophobicity,  which  stems  from  TMSPMA  with  hydropho-
bic  characteristics  successfully  covering  the  GP  surface.  As
shown in Fig. S2(a) (in ESI),  compared with GP, the XPS spec-
trum of F-GP showed a silicon peak, indicating the successful
grafting  of  TMSPMA  onto  the  GP  surface.  This  demonstrates
the formation of a chemical bond between TMSPMA and GP,
thus achieving functionalization. Additionally, the relative ele-
mental  composition of carbon, silicon,  and oxygen in GP be-
fore  and  after  treatment  was  quantitatively  analyzed  by  XPS
(Fig. S2b in ESI). The results revealed a substantial increase in
the oxygen/carbon atomic  ratio  in  F-GP,  suggesting that  the
functionalization  treatment  introduced  more  oxygen  atoms,
which altered the chemical composition of GP. These changes
further  confirmed  the  success  of  functionalization.  The  FTIR
spectra of the PPDMS matrix and CGP/PPDMS composite ma-
terial  were  recorded  to  evaluate  the  interfacial  interactions
between the two components. The FTIR spectra shown in Fig.
S3 (in  ESI)  exhibit  a  redshift  phenomenon,  implying a  strong
interface bonding. The redshift phenomenon can be attribut-
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Fig.  1    Preparation  process  of  the  corrugated  graphene  paper  (CGP)/plasticized  polydimethylsiloxane  (PPDMS)  composite  material.
(a) Schematic of the preparation of the CGP/PPDMS composite material; (b) Physical images of thermally conductive fillers of different radius (R)
and their composites; (c) Polymer formation via hydrosilylation; (d) Schematic representation of the deformation of the trough position when the
temperature effect is introduced in the molding process; (e, f) SEM images of the cross-section of graphene paper; (g) The upper and lower layers
at the trough position of the GP are affected by compression and tension, respectively; (h) Generation of layer separation.
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ed to enhanced intermolecular interaction forces, leading to a
decrease  in  the  frequency of  the  vibrational  modes.[34] How-
ever,  this  observation  is  merely  indicative  and  requires  fur-
ther experiments and analysis  to determine the exact nature
and strength of  the interface bonding.[3,24] To  determine the
interfacial bond strength, shear strength tests were conduct-
ed  on  samples  with  different  interfacial  states  (F-GP/DOW
184, GP/PPDMS, and F-GP/PPDMS), as shown in Fig. S4 (in ESI)
and Fig. 2(b). According to the data shown in Fig. 2(c), the in-
terfacial strength of the three samples increased in the follow-
ing order: F-GP/DOW 184 (0.28 MPa) < GP/PPDMS (0.74 MPa)
< F-GP/PPDMS (2.24 MPa). This indicates that the PPDMS ma-
trix  exhibits  considerably  stronger  chemical  bonding  with  F-
GP and a slightly weaker physical adhesion with the nonfunc-
tionalized  GP.  This  fully  demonstrates  the  necessity  of  the
functionalization of GP.

We  investigated  the  mechanical  properties  of x:y-PDMS
crosslinked  polymers  obtained via simple  chain  crosslinking
of x-HPDMS and y-VPDMS at different molar  ratios and com-
pared them with those of the commercially available Dow184
(10:1) system. Fig. 3(a) demonstrates that 3:1-PDMS exhibited
a compressive strain of up to 64% at 1 MPa, whereas Dow184
(10:1) only achieved a compressive strain of 38%. Interesting-
ly,  with  an  increasing x:y ratio,  the  maximum  compressive
strain  of x:y-PDMS  initially  increased  and  then  decreased.  As
shown  in Fig.  3(f),  the  compressional  modulus  of  the  poly-
mers  and  the  Dow184  reference  sample  were  calculated  for
six  different  polymerization  ratios,  finding that  the  compres-
sional modulus and maximum compressive strain of the poly-
mers  exhibit  an  inverse  relationship.  This  pattern  of  change
can  be  explained  as  follows.  First,  when  the  cross-linking  ra-
tio is low, the number of cross-linking points of the reaction is
relatively small.  In this case, the cross-linking structure of the
material  is  looser  and  the  intermolecular  interactions  are

weaker.[35,36] Then  when  more x-HPDMS  prepolymers  are  in-
troduced,  their  relative content increases,  which reduces the
modulus  of  the  system in  the  form of  small  molecules,  mak-
ing  the  material  prone  to  deformation  and  compression.[37]

However, as more x-HPDMS prepolymers are introduced, this
encourages  self-cross-linking  to  occur  and  the  number  of
cross-linking points increases. This causes the crosslinked net-
work to begin to form a denser structure with tighter connec-
tions between the crosslinked points,  enhancing the interac-
tion forces.  As  a  result,  the material  is  more rigid and has an
increased ability to resist deformation. As the relative content
of x-HPDMS  increases,  the  maximum  compressive  strain  of
x:y-PDMS  shows  an  increasing  and  then  decreasing  trend,
while  the  compressive  modulus  shows  the  opposite  trend.
The  analysis  of  the  maximum  compressive  strain  and  com-
pressional  modulus  indicated  that  3:1-PDMS  exhibited  the
best  compressional  performance.  To  overcome  the  negative
impact  of  the  fillers  on  the  mechanical  properties,  we  incor-
porated  dimethyl  silicone  oil  as  a  plasticizer  into  the  3:1-
PDMS  polymer  system.  As  shown  in Fig.  3(b),  under  1  MPa
pressure, the addition of the plasticizer at different ratios (10
wt%–60  wt%)  to  the  3:1-PDMS  system  increases  the  maxi-
mum compressive strain.  Furthermore,  the calculation of  the
compressional  modulus  of  the  polymer  systems  with  six  dif-
ferent plasticizer contents and the 3:1-PDMS sample without
plasticizer  (Fig.  3c)  revealed that the compressional  modulus
gradually decreased, indicating a considerable plasticizing ef-
fect of dimethyl silicone oil. The dimethyl silicone oil does not
participate  in  chemical  reactions  within  the  polymer  system
but forms a solid solution. Its main function is to swell and in-
crease  the  distance  between  silicone  rubber  molecular
chains, reducing the intermolecular forces and enhancing the
flexibility  of  the silicone rubber  chains,  thereby reducing the
compressional  modulus.[38] However,  further  increasing  the
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Fig.  2    Surface  treatment  of  graphene paper  (GP)  and its  impact  on the interfacial  strength.  (a)  Hydrolysis  mechanism of  the silane coupling
agent;  (b)  Schematic of  the shear strength test;  (c)  Interfacial  strength of three samples:  functionalized GP (F-GP)/DOW 184,  GP/PPDMS, and F-
GP/PPDMS; (d) Water contact angle of the GP surface.
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plasticizer content results in oil  permeation issues within the
polymer system (Fig. S5 in ESI). Oil permeation can have neg-
ative  effects  on  material  applications,  such  as  reduced  ther-
mal  conductivity,  contamination  of  electronic  devices,  and
decreased lifespan and reliability.[39] Therefore, we selected a
3:1-PDMS  polymer  system  with  a  30  wt%  plasticizer  content
as  the  matrix  for  the  composite  material.  This  polymer  sys-
tem exhibited no oil leakage issues and achieved a maximum

compressive  strain  of  83%  (at  1.0  MPa)  and  a  compressional
modulus as low as 81.2 kPa. Fig. S6 (in ESI) illustrates the com-
pressional cyclic performance of 3:1-PDMS and 3:1-PPDMS at
60% and 80% compressive strains. Even under high-strain lev-
els  and  after  1000  compression  cycles,  both  3:1-PDMS  and
3:1-PPDMS demonstrated good cyclic stability,  indicating ex-
cellent  elastic  recovery  and  stability  for  application  under
high-strain  conditions.[25] Furthermore,  3:1-PPDMS  exhibits
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Fig. 3    Mechanical properties of x:y-PDMS, PPDMS polymer, and CGP-R/PPDMS composite material. (a) Stress-strain curves of x:y-PDMS
crosslinked  polymers  with  different  ratios  and  the  reference  sample  DOW  184;  (b)  Stress-strain  curves  of  the  3:1-PDMS  crosslinked
polymer after plasticization treatment with a plasticizer content ranging from 10 wt% to 60 wt%; (c) Comparison of the compressional
modulus  of x:y-PDMS  crosslinked  polymers  with  various  ratios  and  PPDMS;  (d)  Stress-strain  curves  of  the  CGP-R/PPDMS  composite
materials;  (e) Stress-strain hysteresis curves of the CGP-R/PPDMS composite materials (200 cycles at a strain of 20%); (f)  Compressional
modulus of the CGP-R/PPDMS composite materials.
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lower  stress  attenuation  than  3:1-PDMS,  indicating  that  the
plasticized polymer system maintained relatively stable inter-
nal connections or molecular structures during cyclic loading
without  significant  structural  fatigue  or  fracture.  This  further
suggests  that  the  plasticized  polymer  system  possesses  im-
proved  elastic  recovery,  stability,  and  durability  while  main-
taining  better  mechanical  performance  stability  under  cyclic
loading conditions.

We  further  evaluated  the  compressive  and  cyclic  perfor-
mance  of  a  series  of  CGP-R/PPDMS  composite  materials.
When  compressing  the  composite  materials  to  a  strain  of
30%, the change in the filler structure resulted in variations in
the  applied  stress,  as  shown  in Fig.  3(d).  Except  for  CGP-
R2/PPDMS,  the  stress  of  the  other  composite  materials  de-
creased as the array structure became sparser. This can be ex-
plained  considering  that  the  composite  materials  had  the
same  size  (40  mm  ×  40  mm  ×  2  mm),  but  the  filler  shapes
were different, leading to variations in the volume fraction of
the  PPDMS  matrix,  which  considerably  influenced  the  me-
chanical  properties  of  the composite  materials.  To better  ex-
plain  the  influence  of  fillers  on  composite  material  perfor-
mance, we used the concept of heat transfer unit (HTU). HTU
refers to each repeating unit in the regular corrugated struc-
ture, as shown in Fig. 4(a). Specifically, the number (n) of HTUs
in the five CGP-R/PPDMS composites can be determined from
Fig. 1(b) or SP1, which are 38, 30, 26, 22 and 20, respectively.
The  theoretical  volume  (V,  mm3)  of  the  matrix  in  CGP-
R/PPDMS can be calculated by the radius (R) of the HTUs, us-
ing the following formula:

V =n × S × D = n × D

× [1
2
πR2 + 2R × (H − R) + 2 × (R2 −

1
4
πR2)] = 2nDHR

(2)

where S denotes the cross-sectional area in the thickness direc-
tion; n denotes the number of HTUs; D denotes the width of the
sample;  and H denotes the thickness of  the sample.  According
to  Eq.  (2),  the  theoretical  volume V of  the  matrix  of  the  CGP-
R/PPDMS composite is related to its R and n of HTUs, and S, n, D,
H and R are known quantities,  which can be further  calculated
from Eq. (2), and the trend is shown in Fig. 4(a).

CGP-R2/PPDMS  exhibits  a  higher  compression  modulus
(143  kPa, Fig.  3f)  and  is  harder  to  be  compressed  because  it
has  a  smaller V,  which  is  not  enough  to  compensate  for  the
greater  stiffness  introduced  by  the  dense  corrugated  struc-
ture. On the contrary, CGP-R5/PPDMS has a larger V and at the
same time its  sparse corrugated structure makes it  less rigid,
thus  exhibiting  a  lower  compression  modulus  and  better
compressibility.

It  is  noteworthy  that  the  compression  moduli  of  CGP-
R4/PPDMS and CGP-R5/PPDMS (80.4 and 56.6 kPa, respective-
ly) were lower than those of the PPDMS matrix (81.2 kPa). This
may be due to the fact that corrugated-type filler  has a high
stiffness,  which  introduces  higher  stiffness  regions  in  the
composite,  thus  reducing  the  overall  compression  modulus.
In  addition,  the  corrugated-type  filler  structure  has  a  large
surface area and continuity. The geometry of the filler increas-
es the interfacial area within the composite, resulting in an in-
homogeneous  stress  distribution  at  the  interface.  This  inho-
mogeneous  stress  distribution  negatively  affects  the  overall
stiffness  of  the  composite,  which  reduces  the  compression

modulus. Fig. 3(e) displays the performance of the composite
materials  during  200  compression  cycles  at  a  strain  of  20%,
showing a similar trend to that of the maximum compression
strain.  Notably,  apart  from  the  higher  compressive  stress,
CGP-R2/PPDMS also exhibited a relatively large stress attenu-
ation (16.67 kPa).  However,  within the range of  typical  pack-
aging pressures (lower than 2 MPa), it still demonstrated reli-
able mechanical cyclic performance.[21,25] This can be attribut-
ed  to  the  excessively  high  rigidity  of  the  fillers  and  the  rela-
tively  low content  of  the matrix.  As  shown in  Fig.  S7  (in  ESI),
the CGP-R/PPDMS composite materials can recover their orig-
inal  shape  after  being  compressed  to  the  maximum  strain,
which  meets  the  mechanical  performance  requirements  of
commercial  TIMs.  Overall,  this  material  possesses  excellent
flexibility  and  an  ultra-low  elastic  modulus,  which  render  it
adaptable to adapt to complex surface structures and ensure
sufficient filling of the gaps on the contact surface under low
assembly  pressure,  effectively  reducing  the  contact  thermal
resistance (Rc).[24]

Subsequently, we studied the thermal conductivity perfor-
mance of five CGP-R/PPDMS composite materials. To simplify
the illustrations, we used the radius R to represent the respec-
tive CGP-R/PPDMS composites. Fig.  4(a)  presents  several  fac-
tors influencing the thermal conductivity performance of the
composites. The enhanced thermal conductivity of the corru-
gated  oriented  structure  may  be  related  to  the  contact  sur-
face area (CS, mm2). This is due to the corrugated shape of the
otherwise flat graphene layer, which means that more of the
graphene layer can directly contact the surrounding environ-
ment  or  other  materials,  effectively  improving  the  efficiency
of  heat  transfer.  And  the  value  of  CS  can  be  calculated  by
multiplying  the  total  length  of  GP  by  its  width.  The  specific
formula is as follows:

CS =L × D = [2πR + 2 × (H − 2R)] × n × D
= (2π − 4) nDR + 2nHD

(3)

where L is the total length of the packing. According to Eq. (3),
the contact surface area CS is also a function about R and n, and
its  trend  is  shown  in Fig.  4(a).  The  design  of  the  corrugated
graphene thermal conductive framework realizes the construc-
tion of the thermal conductive path, and its thermal conductive
path length (TP, mm) can be calculated by the following equa-
tion:

TP = πR + H − 2R = (π − 2)R + H (4)

According to Eq. (4),  the thermally conductive path length
TP is  a  function about R and increases  as R increases.  It  indi-
cates  that  the  larger  the  radius  of  the  corrugated  structure,
the  less  favorable  the  heat  transfer.  The  combined  effect  of
these factors (V, CS, TP) leads to the difference in thermal con-
ductivity  between  CGP-R/PPDMS  composites  with  different
corrugation radius. In addition, the filler loading ω can be de-
termined from the experimentally determined filler mass per-
centage.

Fig. 4(b) illustrates the in-plane and through-plane thermal
conductivities of the five CGP-R/PPDMS composite materials.
Despite  variations  in  corrugation  sparsity,  the  in-plane  ther-
mal  conductivity  remained  approximately  constant  at  ap-
proximately 130 W·m−1·K−1. This can be attributed to the reg-
ular attachment of GP fillers on the bottom plane of the mate-
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rial.  However,  the  through-plane  thermal  conductivity  varies
with  the  change  in R,  with  CGP-R2/PPDMS  exhibiting  the
highest  value  (14.4  W·m−1·K−1)  and  CGP-R5/PPDMS  showing
the  lowest  value  (5.8  W·m−1·K−1).  Interestingly,  the  through-
plane thermal conductivity of CGP-R1/PPDMS, which had the
most  densely  packed  array  structure,  was  lower  than  that  of
CGP-R2/PPDMS. This could be due to the higher volume frac-

tion of the matrix in CGP-R1/PPDMS, which negatively affect-
ed the thermal conductivity of the material. Meanwhile, CGP-
R2/PPDMS achieved the highest  through-plane thermal  con-
ductivity owing to its denser thermal array structure and low-
er  matrix  volume  fraction.  Additionally,  theoretical  calcula-
tions  revealed  that  TP  increased  as  the  thermal  corrugated
structure  became  sparser.  The  combined  effect  of  a  sparse
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Fig. 4    Thermal performance of CGP-R/PPDMS composite materials. (a) Relationship between the contact surface area of the filler, the
theoretical volume of the matrix and the filler loading and the radius of the corrugated structure R;  (b) In-plane (κ||) and through-plane
(κ⊥) thermal conductivity of the CGP-R/PPDMS composites; (c) Effective thermal conductivity (κeff) and interface thermal resistance (Rc) of
the  CGP-R/PPDMS  composites;  (d)  Schematic  of  the  planar  heat  transfer  capability  test  on  CGP-R2/PPDMS,  CGP-R5/PPDMS  and  the
reference  sample  TFLEX-700  and  the  corresponding  infrared  thermograms;  (e)  Temperature-time  curves  of  the  surface  temperature
variation for CGP-R2/PPDMS, CGP-R5/PPDMS and TFLEX-700; (f) Comparison between our composite materials and previously reported
thermal materials regarding the filler loading and through-plane thermal conductivity.
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thermal  corrugated  structure  and  a  higher  matrix  volume
fraction hinders heat transfer, leading to a gradual decrease in
the  through-plane  thermal  conductivity  of  CGP-R3/PPDMS.
Compared with randomly dispersed thermal fillers,  the regu-
lar, highly conductive corrugated structure used in this study
provides a directional and continuous thermal path that facili-
tates  phonon  transmission.[40] By  optimizing  the  interface
state  between  the  fillers  and  matrix,  we  successfully  im-
proved the scattering of phonons at the interface, resulting in
a substantial enhancement of the thermal conductivity of the
composite materials. These results demonstrate that the CGP-
R2/PPDMS  sample  exhibited  high  thermal  conductivity  in
both  in-plane  and  through-plane  directions.  However,  apart
from the high thermal conductivity, the Rc of the material al-
so plays a crucial role in the heat conduction process because
it  directly  affects  the  rate  and  efficiency  of  interfacial  heat
transfer, which is essential for the application of thermal ma-
terials.[21] Fig. 4(c) presents the effective thermal conductivity
(κeff)  and Rc of  the  Cu/CGP-R/PPDMS  composite  material/Cu
interface under a pressure of 0.1 MPa. Rc was calculated using
the following formula:

Rc = Rinterface − Rbulk = BLT/κeff − BLT/κbulk (5)

where BLT represents  the thickness  between Cu layers, κeff de-
notes the effective thermal conductivity of the sample, and κbulk

represents  the  intrinsic  thermal  conductivity  of  the  sample.  As
shown in Fig.  4(c),  CGP-R2/PPDMS achieves the lowest Rc (52.7
K·mm2·W−1) due to its denser thermal corrugated structure and
stronger interfacial interactions (the specific calculation process
and parameters are detailed in Table S1 in ESI). Conversely, CGP-
R5/PPDMS exhibits a high Rc value (172.1 K·mm2·W−1) owing to
its  sparse  thermal  orientation  structure  and  the  considerable
amount of polymer on its surface, which hinders the heat trans-
fer between the two interfaces. This behavior is consistent with
the trend observed for the through-plane thermal conductivity,
indicating  the  influence  of  the  polymer  matrix  on  the  struc-
tured  thermal  filler.  Despite  the  high Rc value  of  172.1
K·mm2·W−1, the unique structure of the CGP-R/PPDMS compos-
ite materials still exhibits good thermal conductivity. This can be
attributed  to  the  chemical  bonding  at  the  material  interfaces
and physical adhesion to the rough surface.[41] According to the
formula Rc = Rtotal − Rbulk = BLT/κeff − BLT/κbulk, an increase in κeff

effectively  reduced Rtotal.  To  further  demonstrate  the  excellent
thermal  conductivity  performance  of  the  CGP-R/PPDMS  com-
posite  materials,  we  calculated  the  thermal  conductivity  en-
hancement (TCE) coefficient using the following formula:[42]

TCE = (κc − κm) /κm × 100% (6)

where κc represents the thermal conductivity of the composite
material and κm represents the thermal conductivity of the ma-
trix material.  The CGP-R2/PPDMS composite material has a TCE
of 831% per 1 wt% filler loading. To further characterize the out-
standing  thermal  conductivity  performance  of  CGP-R/PPDMS,
we  visually  compared  the  in-plane  heat  transfer  capabilities  of
CGP-R2/PPDMS, CGP-R5/PPDMS, and a commercially advanced
TIM  (TFLEX-700,  5  W·m−1·K−1)  using  a  thermal  IR  camera.  As
shown in Fig. 4(d), CGP-R2/PPDMS, CGP-R5/PPDMS, and TFLEX-
700 of the same size and thickness (20 mm × 20 mm × 2 mm),
were placed on a heater and heated simultaneously from room
temperature. To ensure accurate simultaneous surface temper-
ature  measurements  of  the  three  different  samples  using  the

thermal IR camera, a thin layer of graphene was coated on top
of  each  sample  to  ensure  the  same  IR  emissivity. Fig.  4(e)  dis-
plays  the  variation  of  the  final  surface  temperature  with  the
heating time for the three samples. Compared with TFLEX-700,
CGP-R2/PPDMS  and  CGP-R5/PPDMS  exhibited  faster  tempera-
ture rise  rates  and consistently  displayed slightly  higher  values
(e.g., ΔT=15.5 and 4 °C at 250 s, respectively). CGP-R2/PPDMS ex-
perienced  faster  heating  owing  to  its  higher  through-plane
thermal conductivity. Although the through-plane thermal con-
ductivity  of  CGP-R5/PPDMS  was  slightly  higher  than  that  of
TFLEX-700,  there  was  no  significant  difference  in  the  surface
temperature,  which  may  be  due  to  the  influence  of  interfacial
thermal  resistance. Fig.  4(f)  compares  the  filler  loading  and
through-plane thermal conductivity of the CGP-R/PPDMS com-
posite material with those of previously reported carbon mate-
rial/polymer  composites  (Table  S2  in  ESI).  Our  proposed  CGP-
R/PPDMS  composite  material  exhibits  a  unique  corrugated
structure  that  enhances  considerably  the  thermal  conductivity
of  the  polymer.  The  CGP-R/PPDMS  composite  materials  pre-
pared  in  this  study  combined  high  thermal  conductivity,  high
elasticity, low modulus, excellent thermal stability (Fig. S9 in ESI)
and  low  contact  thermal  resistance,  making  them  promising
candidates for TIMs under complex operating conditions. Addi-
tionally,  composite  materials  possess  unique  customizability
and  can  be  fabricated  on  a  large  scale  using  a  simple  process,
laying the foundation for practical applications.

The  high  through-plane  thermal  conductivity  of  CGP-
R2/PPDMS material  renders  it  a  promising high-performance
TIM  for  efficient  heat  transfer  across  the  heater-heat  sink  in-
terface.  To  confirm  its  performance,  we  developed  a  valida-
tion  system  simulating  the  thermal  dissipation  process  of
electronic components, as shown in Fig. 5(a), and compared it
with  TFLEX-700.  In  this  system,  CGP-R2/PPDMS  and  TFLEX-
700 with dimensions of 20 mm × 20 mm × 2 mm were placed
between a ceramic heater and heat sink with a bonding layer
thickness (BLT) of 2 mm and a vertical pressure of 100 psi and
the  variation  of  the  heater  temperature  was  recorded.  As
shown in Fig. 5(b), the heater (30 W) rapidly increased in tem-
perature  after  40  s  of  activation  and  eventually  reached  a
steady  state.  Clearly,  CGP-R2/PPDMS  as  a  TIM  outperformed
the TFLEX-700 thermal pad in terms of cooling performance,
with  a  temperature  drop  of  70  °C  at  500  seconds  compared
with  the  case  without  TIM  (43  °C  for  TFLEX-700). Fig.  5(c)
shows  the  relationship  between  the  saturation  temperature
of the heater and the applied power (with and without TIM),
resulting in calculated heat dissipation rates of 0.23 W/°C (no
TIM),  0.34 W/°C (TFLEX-700),  and 0.47 W/°C (CGP-R2/PPDMS).
This  indicates  an  improvement  in  the  cooling  efficiency  by
104.3% and 38.2% for CGP-R2/PPDMS compared with the sys-
tems  without  TIM  and  with  the  TFLEX-700  thermal  pad,  re-
spectively. Next, using finite element analysis software (COM-
SOL),  we performed a  thermal  analysis  of  the test  configura-
tion under a rated power of 30 W and estimated κeff (Fig. 5d)
for  both  TIMs  under  the  same  measurement  conditions  (de-
tailed modeling parameters and material properties as well as
the calculation procedure are shown in Tables  S3,  S4 and S5
in  ESI).  Using  the κeff values  of  CGP-R2/PPDMS  (ca. 10.7
W·m−1·K−1)  and  TFLEX-700  (~4.2  W·m−1·K−1),  the Rc (both
sides) of CGP-R2/PPDMS (48 K·mm2·W−1) was calculated to be
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markedly  lower  than  that  of  the  TFLEX-700  thermal  pad  (82
K·mm2·W−1).  This  lower Rc can  be  attributed to  the  corrugat-
ed structure of the thermal filler, low compressive modulus of
PPDMS,  and  strong  interfacial  interactions  between  both
components.  Therefore,  CGP-R2/PPDMS  with  low  compres-
sive  modulus  is  easier  to  fill  and adapt  to  the microgaps be-
tween  the  assembly  surfaces,  resulting  in  a  larger  microcon-
tact area and a lower Rc.[43,44] Combining high through-plane
thermal  conductivity  and  low Rc,  the  finite  element  analysis
shown in Fig. 5(e) confirms the excellent heat dissipation per-
formance  of  our  TIM  samples.  Furthermore,  we  conducted
cyclic thermal shock testing using CGP-R2/PPDMS as the TIM
by  controlling  the  on/off  operation  of  the  heater  at  a  rated
power of 30 W. The shown results in Fig. 5(f) demonstrate the
highly stable heat-dissipation performance of CGP-R2/PPDMS
during continuous heating/cooling shocks of the device over
30000 s.

Next,  we conducted practical  tests  on real  TIMs applied to

cool  computer  CPUs  to  demonstrate  the  superior  heat  dissi-
pation performance of CGP-R2/PPDMS compared with that of
TFLEX-700 thermal pads. The testing setup and photographs
are  shown in Figs.  6(a)  and 6(b),  respectively.  In  this  test,  we
directly  physically  mounted  CGP-R2/PPDMS  and  TFLEX-700
with  the  same  area  and  BLT  between  the  CPU  (Intel  Core
E2180, 2000 MHz) and aluminum heat sink by applying verti-
cal package pressure using spring screws. The CPU was fixed
to  the  motherboard,  and  the  heat  sink  was  connected  to  a
cooling  fan  using  screws  to  transfer  heat  to  the  flowing  air.
We used professional system diagnostic software (AIDA64) to
operate  the  CPU  under  maximum  heating  conditions  and
recorded the CPU core temperature. The results shown in Fig.
6(c)  demonstrate  that  when  using  CGP-R2/PPDMS  as  a  TIM,
the temperature rise rate of the CPU core is slower than when
using  TFLEX-700,  and  a  lower  temperature  is  consistently
maintained (e.g.,  at  300 s,  ΔT=9.0  °C).  The temperature  com-
parison curve of  the computer  motherboard in Fig.  6(d)  also
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Fig.  5    Thermal  management  performance of  CGP-R2/PPDMS.  (a)  Schematic  of  the  setup using a  thermal  interface  material  (TIM)  to
bridge the heater and the heat sink; (b) Variation of the heater surface temperature with heating time in different TIM heat dissipation
systems; (c) Heat-dissipation efficiency fitted from the steady-state surface temperature of the heater for different TIM heat-dissipation
systems at different power levels; (d) Simulated heater temperature as a function of the effective thermal conductivity; (e) Comparison of
simulated heat dissipation capabilities of different TIM systems; (f) Thermal cycling stability of the CGP-R2/PPDMS composite material at
a heating power of 30 W.
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shows  lower  temperatures  when  using  CGP-R2/PPDMS  as  a
TIM.  These  results  indicate  that  CGP-R2/PPDMS  has  the  po-
tential  to  be  used in  real  electronic  cooling applications  and
as an advanced replacement for thermal pads.

CONCLUSIONS

By functionalizing the surface of graphene films and employing
a convenient and applicable method for large-scale fabrication,
we successfully prepared CGP/PPDMS composite materials with
a unique corrugated structure for  thermal  fillers.  This  synthesis
strategy is based on the hydrosilylation reaction to form chemi-
cal  bonds  between  the  organosilicon  matrix  and  fillers,  result-
ing in composite materials with a low compressive modulus and
high resilience. The CGP-R2/PPDMS composite material demon-
strates  excellent  flexibility,  elasticity,  and high thermal  conduc-
tivity.  Specifically,  the  composite  material  possesses  high  ther-
mal  conductivity  (κ⊥=14.4  W·m−1·K−1 and κ||=130  W·m−1·K−1）
and  low  contact  thermal  resistance  (Rc=52.7  K·mm2·W−1 at  0.1
MPa). Additionally, owing to the high deformability, soft elastici-
ty,  and  low  compressive  modulus  of  PPDMS,  CGP-R2/PPDMS
can  withstand  up  to  20%  elastic  strain  and  exhibit  a  low  com-
pressive  modulus  of  143  kPa.  Furthermore,  the  TCE  reaches
831% for a filler loading of 1 wt%. In the TIM performance test,
the  CGP-R2/PPDMS composite  material  demonstrates  not  only
outstanding  cooling  efficiency  (38.2%  improvement  compared
with  commercial  TIM  TFLEX-700)  but  also  highly  efficient  and
stable interfacial heat dissipation performance under actual CPU

full-load operating conditions (the CPU temperature decreased
by  9.0  °C  compared  with  the  TFLEX-700  heat  dissipation
system).  Overall,  by  optimizing  the  interface  state  between
fillers  and  matrix,  we  successfully  developed  a  CGP/PPDMS
composite material with a unique corrugated structure, provid-
ing  a  simple  and  innovative  approach  to  address  the  trade-off
between low modulus and high thermal conductivity in materi-
als, while maintaining excellent stability and competitive advan-
tages for high-performance TIMs
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