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Based on the thermomechanical mechanism of shape memory polymers (SMPs), the three-dimensional
thermomechanical constitutive equation that can be used in the ABAQUS finite element simulation
was derived. Then this paper compiled UMAT subroutine and simulated the thermomechanical behaviors
of SMP smart mandrels. In addition, the properties of shape fixity and shape recovery ratio of SMP were
considered in detail. Finally, filament winding experiments were proceeded on bottle-shaped and air
duct-shaped mandrels and the simple and efficient demoulding of SMP mandrels were verified. The
results showed the feasibility of SMP as the smart mandrels from practical application in the future.
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1. Introduction drels. So some new materials and methods to improve the mandrel
Shape memory material is one kind of smart materials, which
mainly consist of shape memory alloy (SMA), shape memory poly-
mer (SMP) and shape memory ceramics [1–3]. SMP is sensitive to
some predetermined external response (such as temperature, light,
electricity, magnetism and solution) and actively changes the state
from a temporary shape back to the original shape [4–14]. In gen-
eral, SMPs include two-phase structures: reversible phase and fixity
phase, in which reversible phase can change the state between
glassy and rubbery state in a particular condition to control the
SMP deformation and keep a temporary shape; However, the effect
of the fixity phase is to memory the original state of SMP. Compared
with traditional steel materials and SMA, SMPs have the advantages
of low density, low cost, good shape deformation and recoverabil-
ity, ease in tailoring of transition temperature, programmability
of recovery behavior. Nowadays, the application fields of SMP have
covered range from aerospace to submarine, including aerospace,
biomedicine, intelligent control and sensors [4–10,15–17].

With the rapid development of modern aerospace engineering,
the requirement of high complexity and light weight of structures
is also increasing. Traditionally, The mandrels are mostly made of
multi-piece metal materials or dissolved (water-soluble or salt-sol-
uble) materials [18–21], however, there are some disadvantages to
apply these fabrication methods, such as large amount of time and
energy must be invest to assemble and remove the mandrels from
the fabricated composite part in multi-piece metal mandrel; the
hazardous waste materials must be treated in the soluble man-
technology are becoming more and more importance. Researchers
gradually try to apply SMP concept to the new type of mandrels
development due to its good characteristics such as shape fixity
and shape recovery with the change of external condition from
irregular shape to be easy released. Nowadays, CRG Company has
applied SMPs to develop smart mandrels with complex profiles;
they completed mandrel fabrication, filament winding and
demoulding process of SMPs by means of the shape memory effect
[18,21]. In addition, domestic companies are starting to pay atten-
tion to the industry application of SMP materials and can be able to
make simple smart mandrels [22]. Therefore, the design and man-
ufacture of smart mandrels can be as an important direction of new
technology and gradually put on the agenda.

The objective of this paper is to discuss the design method and
feasibility of smart mandrels to replace the existing gypsum man-
drel, multi-piece metal mandrel and dissolved mandrels. The de-
sign and fabrication technologies, the shape memory process
under thermomechanical cycle, the demoulding process and re-
used problem of new smart mandrels are considered in detail.
Moreover, the numerical simulation shows a good agreement with
the experiment measurements under shape recovery process.
Finally, these results can provide a detailed reference to the devel-
opment of smart mandrel.
2. Theory analysis

2.1. Constitutive model

Recently, there are mainly two kinds of theories to explain the
thermomechanical behaviors of SMP structures. One is based on
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Fig. 1. DMA experiment of styrene SMP.
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the classical viscoelasticity theory, in which the structure can be
seen the combination of elasticity material and viscosity materials;
the other is based on phase transition theory, in which the struc-
ture include active phase and frozen phase [23–35].

Tobushi et al. [23,24] developed a constitutive model of SMP in
1997 according to the classical viscoelasticity theory, in which the
standard linear viscoelastic model was modified by introduced a
slip element to represent the irrecovery strain and the thermal
expansion effect was considered. The curve of stress–strain–tem-
perature relationship is expressed as follows

_e ¼
_r
E
þ r

l
� e� es

k
þ a _T ð1Þ

where the dot denotes time derivative. The material parameters
E;l; k;a and es represent elastic modulus, viscosity, retardation
time, coefficient of thermal expansion and creep irrecovery strain,
respectively. r, e, T denote stress, strain and temperature, respec-
tively. In addition, Yu et al. [31,32] predicted the shape recovery
deformation and multi-shape thermomechanical mechanisms of
SMP based on the combination of standard linear viscoelastic model
and general Maxwell models.

In order to get a better characterization for SMP thermome-
chanical properties, Zhou et al. [33–35] rewrote Eq. (1) for three-
dimensional form and the tensors were used to representation as
follows
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where m and dij represent Poisson ratio of material and Kronecker
function, respectively.

The UMAT function of ABAQUS is complied in the finite simula-
tion of SMP under complex stress conditions, the equation can be
get by tensor constriction as follows

rij þ F _rij ¼ Aekkdij þ Beij þ C _ekkdij þ D _eij � G ð3Þ

where A, B, C, D, F, G are parameters.
To convenient programming, Eq. (3) can be expressed as follows

rxx þ F _rxx ¼ AeV þ Bexx þ C _eV þ D _exx � G
ryy þ F _ryy ¼ AeV þ Beyy þ C _eV þ D _eyy � G

rzz þ F _rzz ¼ AeV þ Bezz þ C _eV þ D _ezz � G

rxy þ F _rxy ¼ Bexy þ D _exy � G

ryz þ F _ryz ¼ Beyz þ D _eyz � G

rzx þ F _rzx ¼ Bezx þ D _ezx � G

8>>>>>>>><
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At the same time, the derivative of stress and strain can be re-
placed by finite different method; the result can be expressed as
follows

_f tþ1
2Dt ¼ Df

Dt

ftþ1
2Dt ¼ ft þ Df

2

ð5Þ

where f, Dt and Df denote some special function, time increment
step and function increment, respectively.
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Its corresponding Jacobian matrix can be expressed as follows

J¼
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The classical linear viscoelastic constitutive model is carried out
in the paper, the equations are extended into three-dimensional
form and transformed into finite element analysis matrix with
the help of finite difference method (FDM), then, the UMAT pro-
gram is compiled and the thermomechanical behaviors are simu-
lated in the paper.
2.2. Mandrels material parameters

The material of smart mandrels is styrene-based SMP. The
shape memory styrene resin is assumed to be isotropic polymer
material at room temperature (far less than Tg temperature) and
rubber of hyperelastic material at high temperature (higher than
Tg temperature above 30 �C). The typical thermomechanical cycle
properties are simulated in the paper, the nonlinear properties of
SMP material must be considered in finite element simulation.

The material parameters and temperature relationship devel-
oped by Tobushi in 1996 [23,24] can be expressed as follows

X ¼ Xg exp k
Tg

T
� 1

� �� 	
ð8Þ

where X denotes every material parameter, Xg is the value of X at
T = Tg, k is a constant parameter.

Zhou et al. [35] established interpolation polynomials based on
experimental data points to simulate the experiment result, ex-
pressed as follows

X ¼ ðT � TgÞðT � ThÞ
ðTl � TgÞðTl � ThÞ

Xl þ
ðT � TlÞðT � ThÞ
ðTg � TlÞðTg � ThÞ

Xg

þ ðT � TgÞðT � TlÞ
ðTh � TgÞðTh � TlÞ

Xh ð9Þ

where Tg is glass transition temperature, Tl and Th are the tempera-
tures at the starting and finishing points of the glass transition from
glassy to rubbery state in SMP.

The dynamic mechanicals analysis (DMA) curve of styrene-
based shape memory polymer is shown in Fig. 1. It can be shown
that storage modulus starts to decrease at the temperature of



Table 1
SMP thermomechanical behaviors analysis step setting.
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30 �C and end at 50 �C, the material will become rubber state after
that and the modulus decrease to only a little MPa.
Step Loading condition Temperature (�C) Time (s)

1 Loading 90 1
2 Loading 90 decrease to 20 10
3 Releasing 20 1
4 Releasing 20 increase to 90 10
3. Mandrels fabrication and experimental process

In order to better understand the shape memory effect and the
deformation characteristics of SMP mandrels, two kinds of additive
steel molds must be fabricated in advanced. One is used to manu-
facture a hollow cylinder structures, which is the original state of
SMP mandrel, as shown in Fig. 2, the mold is a thin-walled cylinder
with outer diameter 40 mm and inner diameter 36 mm; the other
kind is the pre-deformation mandrels, which include bottle-shaped
steel mold and air duct-shaped steel mold. The bottle-shaped mold
is an assembly structure with three components; the maximum
elongation ratio is designed to 25%. The air duct-shaped mold is
an assembly structure with two parts, one is circular cross section
with a diameter 45 mm, another is square section with length
40 mm, the junction of the parts have an arc transition, a high pre-
cision is required in the design process of two kind of molds.

In this paper, the thermomechanical behaviors of SMP mandrels
will be discussed in detailed, the structures mainly include bottle-
shaped and air duct-shaped mandrels, the process of SMP ‘‘origin-
deformation-recovery’’ is clear in Table 1.
Fig. 3. The original shape of mandrel and steel model.

Fig. 4. The deformed shape of SMP mandrel and steel model.
4. Shape memory effect simulation of SMP mandrel

4.1. Bottle-shaped SMP mandrel deformation simulation

4.1.1. Design of finite element model
The subroutine UMAT is applied to simulate the SMP deforma-

tion process. The model includes two parts: the outer material is
45 steel, the inner material is styrene-based SMP, the boundary
conditions is set as fixed end on the inside and outside.

Finite element unit settings, outer 45 steel is simple C3D8R unit,
elastic modulus is 290 GPa, Poisson is 0.31, SMP material is
C3D20H unit, the model after meshing as shown in Fig. 3. Opening
the material nonlinear function database of ABAQUS, selecting var-
ious parameters and changing rule with time, running the calcula-
tion, the result of SMP displacement map is expressed as follows.

4.1.2. Radial displacement of finite element model
According to the simulation results of finite element analysis,

the maximum displacement of deformed mandrel is located in
the middle part, as shown in Fig. 4. The result shows that SMP
has a good deformation ability, therefore the material nonlinear
is considered. When the bottle-shaped is applied to fabricate struc-
Fig. 2. The mandrel of hollow cylinder structures.
ture, the middle bulging part is the most important position, which
directly influence the performance of SMP mandrel.

To better illustrate the real working condition of the mandrel,
the inner and outer surface nodes are selected to study the dis-
placements of the SMP in deformation process.

As shown in Fig. 5(a) and (b), the maximum outer displacement
of mandrel is 5 mm, located at the bulging part of the outer steel
mold and the maximum inner displacement is about 5.5 mm due
to the role of inner pressure. The result shows that the original re-
sin cylindrical shape cannot be too thin, otherwise the failure ratio
of mandrel will increase due to wall thickness is thinning during
the deformation process.
4.1.3. Energy distribution of finite element model
The mandrel has also existed bending and tensile effect in the

process of deformation, the energy for deforming is saved as strain
energy at the deformed part. When deformation happens, the
releasing of strain energy makes mandrel to return to the original
shape, the strain energy of SMP mandrel in deformation can be ex-
pressed in Fig. 6.



Fig. 5. (a) The outer node radical displacement curve of the mandrel. (b) The inner
node radical displacement curve of the mandrel.

Fig. 6. The strain energy density of mandrel.

Fig. 7. The outer node strain energy density curve of mandrel.

Fig. 8. The node displacement and time curve of SMP mandrel.
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Fig. 7 shows the process of energy releasing, the maximum
strain energy density is located at the middle part of the mandrel.
Strain energy release is an important condition for the mandrel;
the total energy release relies on the central part of the mandrel
recovery from the working state to the original state.
Fig. 9. The node displacement and temperature curve of SMP mandrel.
4.1.4. Shape recovery simulation of finite element model
The outer surface center node of the mandrel displacement ver-

sus time curve is shown in Fig. 8. Time 0–1, loading stage, the tem-
perature is 90 �C, the center node displacement increases linearly
with the increasing time under constant increment load until the
displacement is 5 mm, Time 1–11, cooling stage, the mandrel tem-
perature decreases slowly from above Tg to room temperature, the
temperature is decreased from 90 �C to 20 �C, Time 11–12, unload-
ing stage, the mandrel inner diameter have a small recovery during
the stage, Time 12–22, recovery stage, the mandrel temperature is
from 20 �C to 90 �C rapidly, the mandrel will recover from working
state return to original state, the recovery rate is low at first, when
the temperature is near to Tg, the mandrel quickly return and even-
tually reach the original shape.

It is well noted that the viscoelastic material has certain mate-
rial damping, so a small part of strain energy will dissipate during
the deformation process and the mandrel will have a certain resid-
ual strain after ultimate recovery, the residual deformation is
0.02 mm in the paper. The curve of displacement and temperature
relationship is shown in Fig. 9 clearly, the original loading stage,
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the mandrel deform to certain shape at the temperature of 90 �C,
then unloading stage, the external diameter decreases 0.1 mm,
the fixity ratio of the mandrel is higher than 90%, finally recovery
stage, the mandrel deformation return to initial shape.
Fig. 11. The diameter recovery process of air dust-shaped mandrel.
4.2. Air duct-shaped SMP mandrel shape recovery simulation

Air duct-shaped model geometric design is that square section
length is 40 mm, circular section diameter is 45 mm, the rigid
mandrel is applied to the initial cylinder and the pressure is
1.5 MPa, the model deformation result can be expressed in Fig. 10.

The circular cross section outer node of Air duct-shaped man-
drel loading-recovery curve is shown in Fig. 11, the process is like
bottle-shaped mandrel node shape recovery curve, the diameter al-
most keeps the maximum value and the fixity rate is higher than
90%.
5. Experimental analysis of SMP mandrels

5.1. Pre-deformation shapes of SMP mandrel

The bottle shaped SMP mandrel and air duct SMP mandrel
experiment result as shown in Fig. 12(a) and (b). The experiment
shows that the length of SMP smart mandrel is 110 mm. For bot-
tle-shaped mandrel, the middle part is extended into circle with
an outer diameter 49.80 mm, the end parts are the original shape
with outer diameter 40.00 mm; For air duct-shaped mandrel, one
end shape is extended into circle with an outer diameter
44.84 mm, wall thickness 1.82 mm and elongation ratio 12.5%, an-
other end shape is square with an inner length about 39.76 mm,
outer length 43.96 mm and wall thickness about 2 mm, the length
ratio of the circular section and square section is 1:1.
5.2. Recovery temperature and time analysis of SMP mandrel

To study the relationship between temperature and time, SMP
cylinder is extended diameter by pneumatic bulging method,
cooled to room temperature and kept in a temporary shape, then
the SMP mandrel is placed into the adjustable constant tempera-
ture observation box, the heat sources are the resistance wires
are wound all the round. The recovery experiment is set as seven
high precision bottle-shaped SMP mandrels with different temper-
ature, the change value is from 60 �C to 100 �C, SMP mandrel will
be placed every other 5 �C or 10 �C, the recovery state can be got
Fig. 10. The deformation of air duct-shaped mandrel.

Fig. 12. (a) Pre-deformation shape of bottle-shaped SMP mandrel. (b) Pre-defor-
mation shape of air duct-shaped SMP mandrel.
by comparing the diameter with original shape, the result is ex-
pressed in Fig. 13.

As shown in Fig. 13, the recovery rate is high near the glass tran-
sition temperature (60 �C) of the styrene-based SMP mandrel, it
will take 5 min to complete the process, the recovery rate will im-
prove significantly with the temperature rising, when the temper-
ature is 90 �C, the recovery time is about 70 s, however, the
recovery rate has a little change when the temperature rises to
100 �C. So the ideal temperature of recovery deformation is be-
tween 90 �C and 100 �C, 90 �C is selected as a standard temperature
in the experiment.

In addition, the temperature can also affect the recovery preci-
sion of the mandrel, the mandrel recovery ratio is high when the
temperature is above Tg, almost achieves 100%; the recovery ratio
declines when the temperature is set lower than Tg, the ratio will
fall to 85% when temperature is lower 10 �C than Tg; the ratio will



Fig. 13. Recovery time and temperature curve.

Fig. 15. The diameter change curve of SMP mandrel.
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fall to 50% when temperature is lower 20 �C than Tg, moreover,
there is no recovery effect when temperature is lower 30 �C than
Tg.

5.3. Recovery process study of SMP mandrel

The temperature chamber is set at 90 �C to observe the recovery
process of mandrel. As shown in Fig. 14, the recovery process of the
mandrel can be divided into three steps. Step 1, the mandrel starts
to recovery shape markedly when the temperature arrive the glass
transition temperature, but the rate is slow, this is called early
recovery stage; Step 2, the rate increase obviously with the tem-
perature change when the temperature above the glass transition
temperature, this is called main recovery stage; Step 3, the rate de-
clines rapidly when the SMP mandrel shape near complete recov-
ery. The result shows that the recovery process of the SMP mandrel
is relatively smooth; there is a buffering process at the early and
later stage, which reduces the risk of structure damage compared
with traditional rigid mandrel, so the shape memory polymer be-
comes more and more application.

To better effectively understand the working mechanicals of
SMP mandrel, a straight line is drawn along the axial direction
on the mandrel surface and select two points are selected in the
line, one point is located at the middle part, another point is lo-
cated at the shoulder of the mandrel, two straight line along radial
direction are drawn through the two points, they are named as The
Head Line and The Middle line, the diameters change of the two
lines are shown in Fig. 15.

As shown in Fig. 15, the recovery process of the SMP starts from
the shoulder and then drives the middle part to recover, the
15s0s

50s40s

Fig. 14. The recovery process of
recovery rate of the two parts have a little different, the reason is
that the shoulder has large bend angle, belonging to the large
deformation and storing large energy, when the temperature is
higher than Tg, the rate of energy release is fast and recovery time
is early. The decreasing diameter directly drives the middle part to
recover and realize the recovery of the whole mandrel.

5.4. Recovery ratio analysis of SMP mandrel

There are creep and stress relaxation in material deformation
and recovery process of SMP mandrel under high temperature
environment, so the mandrel exist the dissipation of energy. The
most deficiency induced by energy dissipation of SMP deformation
is that the mandrel can not recover its original shape and the effect
accumulates with the increasing deformation times. If the recovery
accuracy cannot meet the conditions, the mandrel will affect the
demoulding performance of the mandrel and cause the mandrel
failure finally. To discuss the recovery mechanics of the SMP man-
drel, multiple deformation and recovery experiment have be car-
ried out under the same condition, the vernier caliper is applied
to measure the diameter of the recovered mandrel, the average va-
lue of three different positions on the outer surface of mandrel is
selected as the experimental result.

Recovery ratio formula has been proposed to characterize the
recovery performance of the mandrel, in which the initial diameter
of SMP hollow cylinder is D0 (D0 = 39.76 mm), the first time de-
formed maximum diameter is D1, then the measured value after
deformation recovery is D0, so the recovery ratio can be expressed
as follows
30s

70s

bottle-shaped SMP mandrel.
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R ¼ 1� D0 � D0

D1 � D0

� �
� 100% ð10Þ

The relationship between diameter and recovery times can be
curved in Fig. 16.

As shown in Fig. 16, the diameter of SMP mandrel after multiple
deformation increase nearly linearly, the residue strain will exist
after every deformation recovery and increase with the recovery
time obviously. As shown in Fig. 17, the recovery ratio of the
SMP mandrel achieves 98% after the first three times, but it reduces
fast after that, this is consistent with the finite element analysis,
the reason is that the styrene SMP mandrel appears flaw and the
accumulation of creep effect between the deformation and recov-
ery process.

It is noted that the deformation state of SMP mandrel is easy to
damage due to some defects in the fabrication process. In addition,
the SMP mandrel will local damage during 10–15 times working
cycles in experiment. Obviously, the disadvantage of lower recov-
ery ratio still need study and improve in the future work.
5.5. Demoulding verification of SMP mandrel

The original shape of SMP mandrel is a thin-walled hollow cyl-
inder with outer diameter of 40 mm and inner diameter of 36 mm.
After the steps of high temperature deformation and shape fixity,
the SMP mandrel will keep a temporary state to satisfied filament
winding. Finally, the demoulding feasibility must be considered to
fabricate the production. In the paper, the bottle-shaped SMP man-
drel and air duct-shape SMP mandrel have shown a good demoul-
Fig. 16. Recovery times and diameter curve.

Fig. 17. Recovery time and recovery ratio curve.

Fig. 18. (a) The demoulding result of bottle-shaped SMP mandrel [36]. (b) The
demoulding result of air duct-shaped SMP mandrel [36].

Table 2
SMP diameter measurement after experiment.

Mandrel Bottle-shaped SMP mandrel Air duct-shaped SMP mandrel

1 2 3 1 2 3

D1/mm 40.02 40.06 40.02 40.04 40.06 40.06
D2/mm 40.04 40.02 40.04 40.08 40.10 40.10
ding processing as shown in Fig. 18(a) and (b) [36]. The diameter
change after experiments can be shown in Table 2.

Experiment shows that mandrels can release the winding com-
posite part and recover the original shape after some time. The
recovery ratio of bottle-shaped SMP mandrel and air duct-mandrel
are higher than 90%, this fact shows that the feasibility of SMP as a
smart mandrel and fully reflects the excellent demoulding
performance.
6. Conclusions

This paper is mainly based on the unique advantages of SMP
smart materials, such as large deformation, high shape fixity and
shape recovery ratio, applies finite element simulation and exper-
imental results to show the feasibility of SMP as a new kind of
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smart mandrels, In addition, demoulding experiment is used to
verify the effectivity, some conclusions can be got as follows.

(1) Based on the thermomechanical behaviors of SMPs, the
three-dimensional thermomechanical constitutive equation
that can be used in ABAQUS was derived. The simulation
results of thermomechanical cycle show that the SMP mate-
rial is feasible as a smart mandrel in theory.

(2) This paper verify the feasibility of SMP as a smart mandrel
from experimental application based on two kinds of special
structures, bottle-shaped mandrel and air duct-shaped man-
drel, some experiments are carried out to verify the recovery
and deformation properties, including the best recovery
temperature, recovery time, recovery ratio, and so on.

(3) The demoulding technology can be also verified in the paper.
However, there are much room to improve the design of
reusable SMP mandrels in the future study. So developing
better excellent performance SMP mandrels and designing
better precision rigid outer mold will become an important
direction of future study work.
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