Composite Structures 295 (2022) 115847

COMPOSITE
STRUCTURES

EDITOR: A, . FERREIRA

Contents lists available at ScienceDirect

Composite Structures

journal homepage: www.elsevier.com/locate/compstruct

ELSEVIER

t.)

Check for

Thermally induced mechanical work and warpage compensation of e
asymmetric laminates

Bruno Vermes, Tibor Czigany

Department of Polymer Engineering, Faculty of Mechanical Engineering, Budapest University of Technology and Economics, Milegyetem rkp. 3., H-1111 Budapest,
Hungary
MTA-BME Research Group for Composite Science and Technology, Milegyetem rkp. 3., H-1111 Budapest, Hungary

ARTICLE INFO ABSTRACT

Keywords:

Thermally induced work
Warpage compensation
Monostability and bistability
Tooling

The thermal warpage of asymmetric laminates can be converted into mechanical work. However, thermal
warpage is usually unwanted, and can be mitigated with compensatory tool designs. This paper investigates both
concepts, focusing on monostability, bistability and the transitional behaviour between the two. Numerical and
experimental results showed that the maximum achievable mechanical work goes through a local maximum and
then a local minimum as the laminate transitions from bistability to monostability with a decreasing edge length
to thickness ratio. The local maximum was correlated with the appearance of the second principal curvature,
while the local minimum took place just before reaching the bifurcation point. We successfully manufactured
laminates from the monostable region flat using tools with two significant principal curvatures. Laminates from
the bistable region were successfully transformed to monostable laminates with similar tools, implying that

successful warpage compensation of bistable laminates requires tools that include both principal curvatures.

1. Introduction

Composites in the industry are mainly used for their outstanding
specific mechanical properties (i.e. strength and stiffness); however,
many publications have shown that they can be given extra features
making them even more valuable. Additional features can be anything
from self-healing [1,2] or self-monitoring [3,4] to pseudo-ductility
[5-7] or morphing behaviour [8,9]. Morphing behaviour is the result
of a direct, intrinsic relationship between loads and deformations of
different modes and is one of the most fundamental additional features
of composites. This is how helicopter rotor blades can twist under cen-
trifugal tensile loads [10,11], or turbine blades can twist under aero-
dynamic or hydrodynamic bending loads [12-14] for improved working
efficiency. Since the constituting plies have different thermal expansion
in different directions, the morphing of laminates can be induced ther-
mally, too. Depending on various parameters (e.g. material properties,
layup and edge length to thickness ratio), asymmetric laminates may
have two distinct stable shapes instead of one. Hyer [15,16] was the first
to publish some of the fundamental characteristics of bistable laminates.
Bistable laminates have cylindrical shapes instead of saddle shapes
predicted by the Classical Lamination Theory (CLT). One of the principal
curvatures in either stable shape is virtually zero (except close the

* Corresponding author.
E-mail addresses: czigany@pt.bme.hu, czigany@eik.bme.hu (T. Czigany).

https://doi.org/10.1016/j.compstruct.2022.115847

bifurcation point, which separates the monostable region from the
bistable region), and the stable shapes can reversibly transform into
each other via a snap-through effect. The first and second principal
curvatures of a surface are the largest curvature and the curvature
perpendicular to the largest curvature at a given point (usually defined
at the mid-point of laminates). Since their first appearance in the sci-
entific literature, bistable laminates have been extensively researched
[17,18]. There are ways to achieve bistability other than optimising
layups (e.g. prestressed laminates [19,20] and morphing structures
[21,22]); however, this paper focuses on layup-driven morphing. Tawfik
et al. [23] numerically and experimentally demonstrated how the crit-
ical load necessary for the snap-through effect to take place depends on
the edge length to thickness ratio of a cross-ply bistable laminate, while
others built models to predict the magnitude of the critical snap-through
load or the geometry of the stable shapes [24,25]. The effects of mois-
ture [26], polymer composite and metal hybrids [27,28] or piezoelectric
actuation [29,30] are some of the various other aspects of bistable
laminates that have already been investigated. However, the thermally
induced mechanical work of asymmetric laminates is still an area that
needs further investigation, especially near the transition between the
bistable and monostable states. The physical meaning of thermally
induced mechanical work is how much mechanical work can be
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harvested at a given location of the asymmetric laminate due to its
thermal warpage.

Layup asymmetry can be an advantage when exploiting the ther-
mally induced morphing of laminates. However, manufacturing-
induced warpage is usually unwanted and therefore should be miti-
gated. Some warpage mitigation methods have already been proven to
be effective for asymmetric laminates. Layup homogenisation repeats
the same asymmetric sub-laminates on top of each other until the whole
laminate is practically warp-free [31,32]. Also, there are asymmetric
laminates that are hygro-thermally curvature-stable, but they are rare
[33,34]. These methods make the shape of the laminates practically
independent of the temperature as if the layup was symmetric. But a
temperature-dependent shape is a requirement in the case of composites
with thermally induced morphing capabilities. Compensating for
manufacturing-induced warpage by modifying the shape of the tools is
not a new idea [35-39]; however, manufacturing asymmetric laminates
- especially bistable ones - flat is still a challenge. Even asymmetric
laminates are warp-free at the curing temperature, and they only warp
when cooled down. With curved tools, the warp-free geometry of the
laminate is modified so that the laminate can warp to the desired ge-
ometry when cooled down. This method does not mitigate warpage on
the material level but compensates for it.

The aim of this paper is twofold. First, we investigate the thermally
induced mechanical work of an asymmetric layup (due to morphing
with changing temperatures) and discuss how the bistable-monostable
transition affects the maximum achievable work. The example layup is
the result of a full-field analytical search for maximum thermal warpage.
Finally, we investigate how a tool compensation method can be applied
to monostable and bistable laminates in order to manufacture laminates
that are flat at room temperature but can demonstrate thermally
induced morphing with changing temperatures. Both the warpage and
the thermally induced work depend greatly on factors such as the ma-
terial properties and layup structure of the laminate as well as the
temperature; therefore, all determining factors are discussed in the
following sections to make the results reproducible.

2. Fullfield search for the most significantly warping layup
based on the CLT

In this section, we aim to find an example layup that is suitable for
both the thermally induced mechanical work and the warpage mitiga-
tion investigations. Such a layup needs to display considerable thermal
warpage. The search requires the examination of a large number of
layup permutations, where an analytical approach is the most effective
and the CLT is a well-established analytical method to calculate the
constitutive equations for thin laminates in the elastic range. The CLT
reaches its limitations in terms of accuracy when it comes to large out of
plane deformations, and it predicts the warped shape to be a saddle even
in the case of laminates that are bistable in reality. However, the
quantitative results of the analytical calculations are not the primary
focus here. The idea is to find the laminate with the largest thermal
warpage based on the CLT and then use that layup for the investigations.
The most significantly warping laminate based on the CLT is expected to
be amongst the most significantly warping laminates in reality, which is
the main point of the analytical search. Since our laminate is loaded
thermally rather than mechanically, the load definition of the CLT
needed some adjustment [40].

2.1. Calculation of the thermal deformation

According to the CLT, loads can be calculated from the ABD matrix
([ABD]) - specific to any layup - and the strains. Conversely, strains can
be calculated from the inverse ABD matrix ([ABD]’) and the loads. This
relation stands for thermal loads, too (1).
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curvatures, while NI, NJ and N}, are the thermal forces per unit length
and My, M, and My, are the thermal moments per unit length.

The difference between mechanical and thermal CLT is the definition
of the loads [40]. For a thermally loaded laminate, the loads greatly
depend on the layup. This is because of the directionality of the thermal
expansion. Each layup is loaded differently, even if they experience the
same change in temperature (2,3).
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where AT is the change in temperature (°C), k is the ordinal number of
the ply in the layup, [Q] is the stiffness matrix of the ply in the structural
direction ay, ax and ay, are the in-plane thermal coefficients of the ply in
the structural direction (there are only two in the material direction), t;
is the thickness of the ply and 2y is the distance of the ply mid-plane from
the laminate mid-plane. The warpage of the thermally loaded laminate
can then be defined from the curvatures («y, k, and k). A simple way to
quantify warpage is by calculating the height of the encasing cuboid of
the laminate (Fig. 1). A larger height means more significant warpage.

2.2. Layup search with a MATLAB algorithm

For the calculations, simulations and experiments, we worked with
Hexcel’s IM7/913 carbon-epoxy UD prepreg. Table 1 contains the
relevant material data.

where E;, E; and Gy, are the in-plane moduli, v15 is the Poisson’s
ratio, t,, is the cured ply thickness and ap and ago are the coefficients of
thermal expansion in the fibre direction and in the transverse direction.

Other than the data in Table 1, there are two essential inputs for the
calculations: the layup and the temperature change.

To allow for a full-field search, we analysed 4-ply laminates with a
15° orientation increment (increment by which ply orientations can be
rotated). With more than 20,000 possible layup permutations (permu-
tation with repetition), this provided a good range of mechanical
behaviour to find a layup with a large out-of-plane deformation when
heated or cooled. At the same time, the computational effort needed for
the calculations was still manageable for a desktop PC. We developed an
algorithm in MATLAB that ran the thermal CLT calculations for every
layup permutation and found the layup with the greatest warpage.
Thermal loads were calculated from a temperature difference of AT =
115°C, because later we manufactured the composites at an autoclave
plateau temperature of 140 °C and carried out the tests at room tem-
perature (25 °C). Fig. 2 illustrates the layup search results, where each
blue marker indicates the thermal warpage of one of the layups in
ascending order in terms of warpage. At the very beginning, there are
symmetric layups with no warpage at all. All the other layups are
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Fig. 1. Height of the encasing cuboid (hencasing cuboid) Of @ warped laminate.

Table 1
Properties of the Hexcel IM7/913 composite material.
Ei(GP@)  Ex(GP@)  G12(GPa) vz  tmy(mm)  ap(°C) age("C 1)
163.3 8.7 45 0.3 013 3.0x1077 32x107°

asymmetric and therefore warp when heated or cooled. The laminate
with a layup of [45/90/-75/-45] achieved the largest warpage. There-
fore, we selected that laminate for the thermally induced mechanical
work and warpage mitigation investigations.

3. Experimental and numerical methods

First, we experimentally measured the bifurcation point of the cho-
sen layup. The weight-bearing potential of composite laminates was
then investigated both numerically and experimentally. From the re-
sults, we calculated the thermally induced mechanical work for further
evaluation. Furthermore, the warpage mitigation method based on tool
compensation was experimentally investigated for both bistable and
monostable laminates. Air humidity was a constant 50% during all
manufacturing and experimental procedures.

25 T T

3.1. Laminate manufacturing

The composite specimens were manufactured with the autoclave-
prepreg technology (Olmar ATC 1100/2000 autoclave and Hexcel
IM7/913 prepreg). The prepreg material used comes in 300 mm wide
rolls, so the laminate dimensions were chosen to be 210 mm x 210 mm
to fit any orientation on the roll width. The laminates were treated in the
autoclave at a plateau temperature of 140 °C, while an overpressure of 7
bar was applied. The laminates’ uneven edges were then cut, so the final
dimensions of the specimens were 190 mm x 190 mm.

3.2. Determination of the bifurcation point

To investigate the transition from bistability to monostability, a 12-
ply, 190 mm x 190 mm [453/903/-753/-453] laminate was manufac-
tured on a flat tool. The thicker laminate allowed us to reach lower edge
length to thickness ratios during the experiments. The shape of the
laminate was 3D scanned with a GOM ATOS Core 5 M scanner at room
temperature (25 °C). The scanned points of the surface were imported
into MATLAB to fit a second-degree polynomial equation with two
variables (z = ax?> 4 bxy + cy?), which approximated the warped sur-
face of the laminate well. Then, the principal curvatures were calculated
at the mid-point of the laminate. The scanning and the MATLAB eval-
uation were repeated each time we cut off 5 mm from each edge of the
laminate.
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Warpage: height of the encasing cuboid (mm)
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[45/90/-75/-45]
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4 plies, 15° orientation increment
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CLT prediction
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Fig. 2. Thermo-twisting layup search based on CLT calculations (4 plies, 15° orientation increment,AT = 115°C).
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3.3. Determination of the thermally induced mechanical work -
simulations and experiments

The thermally induced mechanical work of the laminates was
calculated from the output data of both numerical simulations and ex-
periments (Fig. 3). The steel tool grabbed a 20 mm x 20 mm area of the
190 mm x 190 mm laminate in the middle of one of its edges. This fixed
constraint was chosen to provide adequate support for the laminate
without significantly restraining morphing behaviour. Fig. 3/b illus-
trates the deformation of the laminate after the thermal load. For the
experiments, the thermal load was provided by the cool-down from the
autoclave’s plateau temperature to room temperature, so the laminates
were already warped before we placed them into the steel tool. The hy
parameter in Fig. 3/b denotes the maximum vertical deflection of the
laminate’s corner before the application of the mechanical load. We
applied the mechanical load in Fig. 3/c using a Zwick Z005 universal
mechanical testing machine with a 5 kN load cell. The tests were
repeated with a more sensitive 20 N load cell for the thinner laminates,
and the results showed a good correlation with the previous data. As
illustrated in Fig. 3/c, the mechanical load (F) was applied vertically at
the corner with the largest initial deflection. For reliable data, we
measured the deflection of the loaded corner (hy) as a function of the
applied load (F) with a Sobriety Mercury Monet DIC video extensometer.
The applied mechanical load was a continuous variable ranging from F
= 0 N up to the point where snap-through was observed in the case of
bistable laminates and where the loaded corner reached the lift height of
hr = 0 mm in the case of monostable laminates.

The numerical simulations were carried out with the 2019R3 version
of ANSYS. We used 1 mm SOLID185 elements to ensure mesh conver-
gence. A fixed support was applied at the previously mentioned 20 mm
x 20 mm area on both sides of the flat laminate. With “large deflections”
enabled, the first step of the simulation gave a solution for an applied
AT = — 115 °C (to replicate the cool-down step of the manufacturing

---max. vertical
deflection

min. vertical
---deflection

Troom = 25°C
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process from 140 °C to 25 °C). The second step provided a solution for
the applied vertical force at the loaded corner at constant temperature
(25 °C). The thermally induced mechanical work was calculated as the
product of the applied mechanical load (F in Fig. 3/c) and the lift height
under loading (hr in Fig. 3/c).

3.4. Warpage mitigation by laminating on tools with curved surfaces

We attempted to manufacture flat laminates from both the mono-
stable and the bistable regions of the asymmetric layup. To obtain the
shapes of the tools, we first manufactured the laminates on flat tools to
get warped laminates at room temperature (25 °C). Then, we 3D scan-
ned the shapes of the laminates, created a surface (MATLAB) and then a
3D object (Autodesk Inventor Pro) from the data points, and finally, CNC
milled (Roland MDX-540) the tools from aluminium. Then we repeated
the manufacturing process, now laminating on the curved tools and
flipping the laminates to ensure that deformations occur in the right
directions. Flipping was equivalent to laminating [-45,/-15,/0,/45,]
laminates instead of [45,/90,/-75,/-45,] laminates in the same orien-
tation. After manufacturing, we 3D scanned the shapes of the laminates
compensated by the tool and evaluated their warpage in MATLAB.
Warpage mitigation based on the tool compensation method enables us
to alter the shape of laminates with asymmetric layups at room tem-
perature (or at another selected temperature), while preserving their
ability to demonstrate thermally induced mechanical work.

4. Results and discussion

In this section, we discuss the results of the experiments and simu-
lations, starting with the determination of the bifurcation point of the
[45,/90,/-75,/-45,] laminate. Next, the thermally induced mechanical
work and the warpage mitigation results are evaluated for both mono-
stable and bistable laminates.

— 20 mm x 20 mm grip

— 190 mm x 190 mm

[45,,/90,,/—75,/—45,]
Parameters
Thermal load (AT) —SET
Ply thickness (7 x 0.13 mm) — VARIABLE
Mechanical load (F) — VARIABLE

Lift height (%)

Fig. 3. Schematics of the thermally induced mechanical work test setup.
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4.1. Monostable-bistable transition

Fig. 4 illustrates the experimental results of the determination of the
bifurcation point. The results show a characteristic change of the prin-
cipal curvatures as a function of the edge length to thickness ratio. Based
on results in the scientific literature (e.g. [15,16]), the bifurcation point
can be identified just below a length to thickness ratio of 60. In Fig. 4,
the transition from monostability to bistability is indicated by a local
minimum of the first principal curvature and a significant change in the
gradient of the second principal curvature. At lower dimensional ratios,
there is one stable shape of the laminate, and at higher ratios, there are
two. Even in the bistable region, we only investigated one of the stable
shapes as it provided all the necessary data for the following experi-
ments and simulations. The results in Fig. 4 agreed well with our ob-
servations when we tested the snap-through effect of the laminates. In
the bistable region, the second principal curvature converges to zero and
the first principal curvature converges to a constant value. With
decreasing dimensional ratios, the curvatures start to converge in the
monostable region, too.

Based on the results in Fig. 4, we selected a clearly monostable and a
clearly bistable laminate for the warpage mitigation experiments. At a
dimensional ratio of around 26, we chose a 12-ply [453/903/-753/-453]
40 mm x 40 mm laminate to represent the monostable behaviour.
Similarly, we chose a 4-ply [45/90/-75/-45] 80 mm x 80 mm laminate
at a dimensional ratio of around 154 to represent the bistable behaviour.
The reason for choosing laminates so far from the bifurcation point was
to avoid any transitional behaviour (e.g. a significant second principal
curvature of the bistable laminate).

4.2. Thermally induced mechanical work

Fig. 5 illustrates the numerically and experimentally obtained de-
flections of the investigated 190 mm x 190 mm laminates as a function
of the applied mechanical load and the number of plies in the specimens.
Experiments were carried out up to 28 plies. The experimentally
investigated laminates covered the region from monostability (28-ply

3
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laminate: a length to thickness ratio of 52) to bistability with negligible
second principal curvature (4-ply laminate: a length to thickness ratio of
365). As the transition between bistability and monostability is the most
interesting region in terms of the changes in mechanical work, further
monostable laminates thicker than 28 plies were not tested to limit
prepreg expenditure. Numerical simulations were carried out up to 40
plies providing data deeper into the monostable region. Numerical and
experimental results showed a good correlation. Fig. 5 shows that the
loaded corners of thinner laminates could not reach the initial flat plane
(zero lift height). This was due to the snap-through effect of the bistable
laminates. Results are visualised up to the snap-through effect (in case of
thinner laminates) or up to the point where the loaded corner reached
the initial flat plane (in case of thicker laminates). With increasing
thickness, the maximum weight-bearing capacity increased while the
maximum deflection decreased. Increasing the number of plies from 4 to
28 decreased the maximum deflection from 117 mm to just 16.5 mm (7
times difference) but increased the maximum weight-bearing capacity
from 1.9 N to 65 N (34 times difference).

Fig. 6 illustrates the mechanical work results calculated from the
numerical and experimental results in Fig. 5.

The test and simulation results agreed well up to 16 plies and then
slightly separated from each other before getting closer together again at
28 plies. The separation took place close to the bifurcation point, where
the numerical simulations slightly underestimated the measured me-
chanical work. Nevertheless, the numerical and experimental results
showed a similar trend in terms of thermally induced work.

Fig. 7/a illustrates the change in the maximum achievable work for
each laminate as a function of their length to thickness ratio, and Fig. 7/
b shows the measured and simulated principal curvatures of the 190
mm x 190 mm laminates as a function of their length to thickness ratio.
The two subfigures allow for a visual comparison between characteristic
points in the work graph and the stability (principal curvature) graph.

In Fig. 7, we evaluate the results from right to left, starting from the
thin bistable laminates and moving towards the thick monostable lam-
inates. The most notable result is that the maximum work goes through a
local maximum and then a local minimum. The local maximum of the

O O-O-0-0
T OO, o RO o
% L ¢ 1st principal
2 curvature -
I experimental
o : results
! 1
g Bifurcation : 2nd principal curvature
g point : (dis)appears
2 0 } } |
I ‘ IA-INA ‘
E I A -A AL @| A 2nd principal
o I A A | curvature -
© -1 A @ : experimental
% . | results
= X | |
= B :
a9 -2 AN *A |
Monostability <+— | —> Bistability :
3 !
0 10 20 30 40 50 60 80 90 100 110 120 130
. edgelength
Laminate ————— ratio
thickness

Fig. 4. Monostable-bistable transition of the [453/903/-753/-453] laminate (constant 12-ply laminate).



B. Vermes and T. Czigany

Composite Structures 295 (2022) 115847

= |==Numerical results
* Experimental results

-

o

o
1

Lift height (mm)
(6]
o
1

o
\

M, .
echamca/ loaq (N) 150

Fig. 5. Lift height of the loaded corner of the 190 mm x 190 mm [45,/90,/-75,/-45,] laminates as a function of the mechanical load and the number of plies in the
laminates - numerical and experimental results. Test setup: Fig. 3, bifurcation: Fig. 4.
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Fig. 6. Mechanical work of the loaded corner of the 190 mm x 190 mm [45,/90,/-75,/-45,] laminates as a function of the mechanical load and the number of plies
in the laminates - numerical and experimental results. Test setup: Fig. 3, bifurcation: Fig. 4.

maximal work can be found at around a dimensional ratio of 125 (12-ply
laminate) in Fig. 7/a. Up to that point, the maximal work increases with
increasing laminate thickness, which is expected. The local maximum is
very close to the appearance of the 2nd principal curvature in Fig. 7/b,
implying a causal relationship between the two (i.e. the thermally
induced mechanical work decreases because of the appearance and in-
crease of the 2nd principal curvature). Up to that point, the 1st principal
curvature decreases, but the 2nd principal curvature is still negligible.
However, after the dimensional ratio of 125, the shape of the laminate
changes qualitatively, too, with the appearance of the 2nd principal
curvature. Note that Fig. 7/b provides similar results to Fig. 4, the main
difference being that previously we kept the laminate thickness constant
and later, we kept the laminate edge length constant. This resulted in
seemingly different graphs, but both the appearance of the 2nd principal
curvature (at a dimensional ratio of around 125) and the bifurcation
point (at a dimensional ratio of around 60) can be identified in either
figure. The local minimum of the maximal work can be found around a
dimensional ratio of 70 in Fig. 7/a. The reason why the local minimum
of the maximal work does not overlap exactly with the bifurcation point
(at a dimensional ratio of around 60) is that the rate of change of the 2nd
principal curvature slows down even before the bifurcation point where
the effect of the increasing relative thickness (which increases work)
outweighs the effect of the increasing 2nd principal curvature (which

decreases work).

From a practical standpoint, this characteristic change of the
maximal work can be exploited to save weight with bistable laminates.
Based on the experimental results, the 12-ply laminates achieved about
the same maximum thermally induced work as the laminates twice the
thickness, but at larger deformations and lower mechanical loads. The
results depend on various factors: e.g. material properties, stacking
sequence, laminate dimensions, boundary conditions and load applica-
tion. The numerical and experimental study in this publication serves as
a proof of concept for the influence of laminate stability on the
achievable thermally induced mechanical work.

4.3. Warpage mitigation

As there are two qualitatively different thermally warped states
(monostable and bistable), warpage mitigation needed to be investi-
gated for both cases to draw well-founded conclusions. The ratio of the
principal curvatures allows us to sort the shapes into monostable and
bistable categories in the investigated range. Based on Fig. 4 and Fig. 7/

b, the ratio of the absolute values of the first (‘Kﬁ"’mc' > and the second
( K};rinc.

Any ratio significantly higher than this indicates a bistable shape, and a

) principal curvatures at the bifurcation point is about 2 (1:0.5).
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Fig. 7. Numerical and experimental results of the a) maximum thermally induced work and b) principal curvatures of the 190 mm x 190 mm [45,,/90,/-75,/-45,]

laminates as a function of their dimensional ratio (constant 190 mm x 190 mm

ratio significantly lower than this indicates a monostable shape, as Fig. 4
shows.

Fig. 8 contains all the important data and results for the first warpage
mitigation experiment. The top part of the figure illustrates the shape of
the aluminium tool on which the composite was laminated before it was
manufactured in the autoclave. Section 3.4 discusses the process of tool
design. Because the 80 mm x 80 mm [45/90/-75/-45] laminate is
bistable when laminated on a flat tool, the curved tool surface only had
one significant principal curvature. With the “bistable-shaped” curved
tool, we achieved a slight warpage mitigation of 12.4%, shown by the
reduction of the height of the encasing cuboid from 12.1 mm to 10.6
mm. The original curvature practically vanished, but the other (so far
hiding) principal curvature appeared, resulting in another bistable
laminate.

The results suggest that both principal curvatures have to be
compensated for at the same time, even if one of them is “hiding”
(practically zero) as in the case of bistable laminates. In the next
experiment, we designed and manufactured a tool based on the tool in
Fig. 8, but now including the second principal curvature with the same
magnitude but opposite sign compared to the first principal curvature.
This resulted in a “monostable-shaped” tool about twice the height of the

laminate).

tool in Fig. 8. Fig. 9 illustrates the results achieved with the “monostable
shaped” tool. Compared to the original bistable laminate, we achieved a
warpage mitigation of 23.1%, shown by the reduction of the height of
the encasing cuboid from 12.1 mm to 9.3 mm. The warpage mitigation
achieved with the “monostable-shaped” tool was almost double what we
achieved with the “bistable-shaped” tool. But the most important result
is the shape of the final laminate. The manufactured laminate became
monostable. This observation was confirmed by the ratio of the principal
curvatures, which was 1:0.93.

After successfully transforming the bistable laminate into a mono-
stable one, we investigated the effectiveness of the tool compensation
method on monostable laminates. Fig. 10 illustrates the results of
laminating the 12-ply [453/903/-753/-453] 40 mm x 40 mm laminate
on a “monostable-shaped” tool. A warpage mitigation of more than 90%
was achieved, shown by the reduction of the height of the encasing
cuboid from 1.80 mm to 0.17 mm. Furthermore, the final laminate was
indistinguishable from a flat laminate; only the 3D scanner revealed the
slight residual curvatures. The final laminate satisfied the specification
of the ISO2768K standard, and therefore it can be classified as flat.

The results show that the tool compensation method can transform
bistable laminates into monostable ones and that it is capable of
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Fig. 8. Warpage mitigation results of the 80 mm x 80 mm 4-ply laminate with a single curvature tool.
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Fig. 9. Warpage mitigation results of the 80 mm x 80 mm 4-ply laminate with a double curvature tool.

drastically mitigating the manufacturing-induced thermal warpage of
monostable laminates. Based on these findings, we expect that the
warpage of bistable laminates can be mitigated with similar success to
monostable laminates. The results imply that this requires “monostable-
shaped” tools, which we will investigate numerically and

experimentally in the future.
5. Conclusions

The warpage compensation and the thermally induced mechanical
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Fig. 10. Warpage mitigation results of the 40 mm x 40 mm 12-ply laminate with a double curvature tool.

work of asymmetric laminates are closely related topics. With the
warpage compensation method, it is possible to control where the
morphed shapes of the laminates will take place in terms of the tem-
perature. For instance, an asymmetric laminate can be manufactured flat
at room temperature, so the starting shape for the thermally induced
morphing (and therefore the mechanical work) is controllable. This is
done without modifying the structure of the laminate, therefore without
decreasing its intrinsic morphing performance.

Numerical and experimental results showed that the maximum value
of the thermally induced work goes through a local maximum and then a
local minimum when the thickness of the laminate is increased
(decreasing the edge length to thickness dimensional ratio). The local
maximum of the maximal work was associated with the appearance of
the second principal curvature of the bistable laminate. Further reducing
the dimensional ratio led to a local minimum of the maximal work close
to, but just before the bifurcation point. We believe that the effect of the
increasing thickness outweighed the effect of the increasing second
principal curvature before the bifurcation point, and this is what caused
the maximal work values to start increasing before reaching the
monostable region. The results presented mean that thinner (and
therefore lighter) composites can outperform their thicker counterparts
in terms of the maximum achievable thermally induced mechanical
work.

The warpage mitigation method based on tool compensation retains
the temperature dependence of the shape, which is necessary for
exploiting the thermally induced mechanical work of laminates, but it
helps to approach the desired laminate shape at a given temperature.
Asymmetric laminates from the monostable region (when laminated
flat) were successfully manufactured flat (based on the 1SO2768K
standard) with tools that have both principal curvatures (“monostable-
shaped” tools). Furthermore, we successfully transformed laminates
from the bistable region into monostable laminates using similar
“monostable-shaped” tools. The results imply that manufacturing lam-
inates from the bistable region flat requires tools that include the “hid-
ing” second principal curvature of the laminate.

Safety switches in overheating systems is one of the potential ap-
plications of laminates that are capable of thermally induced mechanical
work. They work similarly to bimetals, but can perform the same task at
a significantly lighter weight which can be critical in aerospace appli-
cations, for instance. Another potential application is energy harvesting
at locations that experience significant daily temperature fluctuations
(e.g. deserts) where energy can be harvested similarly to floating tidal
energy harvesting systems in the seas. For these applications, the lami-
nates need further numerical optimization, considering factors such as
the 3D geometry of the structure and the expected changes in temper-
ature, and including long-term performance evaluation under cyclic
thermal and mechanical loading. Furthermore, although the elastic
properties of composites are mainly determined by the reinforcement,
the thermally induced changes in the mechanical properties of the ma-
trix should also be considered in the future.
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