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1 Introduction

Effect of Filament Color and
Fused Deposition Modeling/
Fused Filament Fabrication
Process on the Development of
Bistahility in Switchable Bistable
Squares

Switchable multistable structures (SMS) are additively manufactured metamaterials. SMS
are printed in polylactic acid, a shape memory polymer, and pre-strain is stored in bilayers
during fused deposition modeling 3D printing process that encode different stable states can
be activated above the glass transition temperature (T,). Eight filament colors were used to
3D print sample squares. A hot water bath was used to determine sample bistability or
monostability. Differential scanning calorimetry determined the T, and melting tempera-
ture, (T,,). Thermogravimetric analysis was used to investigate colored filament thermal
stability. The viscoelasticity of colored filament was investigated with melt rheology and
the crystallinity of the printed samples was studied with X-ray diffraction. Filament color
was an indicator of bistability and colors with lower T,, values tended to be bistable. Poly-
ethylene terephthalate glycol SMS exhibited the shape memory effect but did not show bist-
ability with the given print parameters. Bistability is achieved when the difference between
the pre-strain of the bilayers is less than the energy needed to snap the sample to a given
state. The relationship between monostability, self-snapping back to a favored state, and
bistability is explained by a series of mathematical equations. Future work includes printing
pre-strain relationship and the molecular level impact. [DOI: 10.1115/1.4064142]

Keywords: color, 4D printing, 3D printing, additive manufacturing, metamaterials,
bistability, switchable multistable structures (SMS), fused deposition modeling (FDM),
fused filament fabrication (FFF), material characteristics, print paramaters, additives,
applied mathematics, material characterization of polymers, materials and processes,
materials testing, polymers

known as fused filament fabrication (FFF) [S]. Polylactic acid
(PLA) is a common filament choice for FDM printing [5,7].

ISO 17296-3:2014(E) defines additive manufacturing or 3D
printing [1] as “a process of joining bulk raw materials to make
parts from 3D model data, usually layer upon layer, as opposed
to subtractive manufacturing and formative methodologies” [2].
3D printing formats include material extrusion, binder jetting, and
direct energy deposition [1,3]. Fused deposition modeling (FDM)
is a type of material extrusion [1,3], and it is one of the most com-
monly used 3D printing techniques [1,4]. FDM printing creates a
3D object by heating thermoplastic filament above its melting tem-
perature (7},,) and extruding it through a nozzle onto the print bed,
where the object is built up one layer at a time [1,4—7]. FDM is also
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Four-dimensional (4D) printing is a subcategory of 3D printing.
A 4D print is a 3D printed object that responds in a predictable, pre-
determined way to an external stimulus, with time as the fourth
dimension [1,3,8]. A print may respond to an external stimulus
such as temperature, water, and pH [1,3,8] by twisting, bending,
or folding [8]. 4D printing has numerous applications: origami
folding for storage [8], soft robotic components [1], and prepro-
grammed folding antennas [3].

A shape memory polymer (SMP) [6] is a material capable of
responding to an outside stimulus, such as temperature, by changing
shape. When an SMP is heated above its transition temperature
(Ttrans), it can be deformed from its programmed permanent shape
into a temporary shape and then cooled. When the SMP is reheated
above Ty, the original permanent shape returns [9]. The shape
memory effect (SME) [10] is a process reliant on material structure,
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chemical composition, and material processing [9,11]. SMPs have
been used in 4D printing [1,6,7,12—-15].

The polymer can return to the programmed shape because
stretched polymers relax into a randomly coiled state [11]. (Len-
dlein and Kelch explain the SME for an elastomer [9]; however,
given that Yahia et al. discuss a similar process in PLA [7,11,13],
a shape memory polymer [7], some of the explanation supplied
for thermoplastic elastomers also is assumed to cover PLA. This
work will also focus on the physical net-points instead of chemical
cross-linking [9,11].)

SMPs have two elements: shape-fixing and shape-switching
[11,13]. The shape-fixing elements are physical net points formed
by entanglements and crystallization from noncovalent bonds
(such as hydrogen bonding or van der Waals forces) [11] and stabi-
lize the permanent programed shape [9,11]. Located between the
shape-fixing elements are long polymer chains that serve as the
shape-switching elements [11,13]. These chains store elastic
energy when stretched and release it during shape recovery
[11,13]. In an amorphous material, at the same internal energy,
the highest entropy configuration is a strongly coiled conformation.
Entanglements can prevent chains from slipping past each other [9].

PLA is a thermoplastic [11] SMP [7]. High molecular weight
PLA can exhibit the SME because crystallization and physical
entanglement serve as shape-fixing elements [11]. The melting tem-
perature (Ty,) and glass transition (7)) of PLA can be Tipn. PLA is
glassy below T, and deformable above T, [13].

The process outlined below refers to 3D printed SMPs that have
Tirans at Ty. Above T, polymer chains are free to rotate, [6,9,13] and
enter new energetically equivalent configurations, often random
coils [9]. Pre-strain is stored during the printing process as the
polymer is stretched across the print bed [12] or previous layers
into an energetically unfavorable state with low entropy in the direc-
tion of the nozzle [6,9]. Entanglements prevent immediate relaxa-
tion of the polymer chains [9]. If held above T, a new energy
minimum is established [6,9]. If cooled quickly below T,, as
occurs during the 3D printing process, the polymer is frozen in an
unfavorable state and a temporary shape results. When heated to
an activation temperature (7,.) above T, the amorphous chains
recoil and the permanent shape is achieved [6,11].

Print parameters that affect pre-strain storage include nozzle and
print bed temperature, layer height, T, and print speed
[6,7,12,14,15]. Higher temperatures nozzle temperatures allowed
more time for amorphous chain relaxation and less pre-strain to
be stored [7]. The FDM printing process creates a pre-strain gradi-
ent between the top layer, printed last, and the bottom layer, printed
first directly on the print bed, where the bottom layer has the least
pre-strain and the top layer has the most pre-strain. As new material
is deposited, the material below is partially reheated and some pre-
strain is lost [12,14,15]. Printing on a different surface from the rest
of the layers may reduce the first layer pre-strain because the mate-
rial may stretch differently [14]. The further a layer is from the
heated bed, the less pre-strain will be lost [15]. Bodaghi et al.’s
samples bent upward toward the top layer, indicating that pre-strain
was the highest in the top layer [12].

3D printed polyethylene terephthalate glycol (PETG) can exhibit
the SME [16,17]. Aberoumand et al. 3D printed samples and then
used a customized universal tensile device to demonstrate the
SME [17]. Soleyman et al. printed PETG samples that achieved
desired shape change and reported that the pre-strain was higher
in the lower layers for PETG [16].

The colorant chosen to color a plastic affects the resulting character-
istics. Dyes can have a plasticizing effect, changing processing beha-
vior. Some pigments affect the shrinkage behavior of a crystalline
thermoplastic. Warpage, the uneven shrinking of a part, can be affected
by organic pigments [18]. Furthermore, filament color affects the prop-
erties of 3D printed structures. Wittbrodt and Pearce showed that the
filament color of PLA and the nozzle temperature of white PLA
affected the crystallinity of the FDM printed part [19]. The color of
the PLA affected the thermal properties [4,5], theological properties,
and crystallization of FDM printed parts [5].
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Fig. 1
colors

Eight filament sections corresponding to tested filament

Bistable mechanical systems have two stable states and a potential
energy threshold that must be overcome to achieve snap-through
[20]. Riley et al. developed switchable multistable structures
(SMS) that could be switched between two or more stable states
when heated above T, and remained in the selected state or an arbi-
trary state when the temperature was below T, [6]. The SMS were
created by FDM printing PLA in specific controlled bilayers, includ-
ing a switchable bistable square (60 mm x 60 mm X 1 mm) with two
stable states. Pre-strain was stored during the extrusion process. Each
bilayer had an equal number of printed layers, with the bilayers
printed orthogonally to each other. The square was activated in a
water bath above T, [6]. See Fig. 1 from Riley et al. for a visual rep-
resentation of SMS creation and usage [6].

This paper considers the switchable bistable squares presented
by in Riley et al. [6]. Samples were printed and tested for bist-
ability; then material characterization tests were run. Finally, a
series of mathematical explanation is presented with a general
explanation.

2 Materials and Methods

2.1 Filament and 3D Printing of Bistable Squares. Eight
different filament colors (PLA, 1.75 mm) were studied: blue,
black, clear pro, green, lime green, yellow, purple, and red. The
clear filament was a pro series filament, while all other filaments
were regular filament. The filament manufacturer did not disclose
its colorant, colorant amount, or any additional additives. The
clear pro filament could have additional additives not present in
the other regular colors. The pro PLA has a tolerance of
+0.02 mm [21] and the regular PLA has a tolerance of +0.05 mm
[22]. Sections of each colored filament are shown in Fig. 1.

An FDM 3D printer with a brass 0.4 mm nozzle was used to print
the samples. Parts were printed on a removable magnetic steel sheet
[23]. Hairspray was used as an adhesive.

The switchable bistable square samples followed the switchable
bistable square design created by Riley et al. [6]. A 60 mm x
60 mm x 1 mm square was created with a layer height of 0.01 mm
for all layers. The first five layers were printed in the 0 deg direction
and the last five layers were printed in the 90 deg direction. The
nozzle temperature was 200 °C, and the print bed temperature
was 60 °C. Three samples of each color were printed on the right
side of the build plate.

The initial printed samples printed are not bistable. Riley et al.
used blue PLA; the authors used black PLA from a different man-
ufacturer. Riley et al. used a different FDM printer with a glass bed
instead of a metal print bed. Riley et al. printed at 30 mm/s; the
authors printed at 60 mm/s. The initial layer height and the line
thickness were changed, the time between printing and testing
was decreased, the print bed was cleaned between prints, and the
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bed temperature was decreased to room temperature. Some changes
were marginally successful, but none consistently created
bistability. Blue PLA samples made following the original slicing
parameters with the same differences listed above were bistable.

Samples were printed in sets of three across the middle of the bed
with varying print parameters, including color, nozzle temperature,
and print speed. Because location on the print bed affected the bist-
ability exhibited in the samples, all color samples were reprinted on
the same spot on the right side of the print bed, as were blue samples
at nozzle temperatures 185 °C, 200 °C, and 210 °C. Samples that
were printed with visible bumps or defects were discarded. The
print bed was cleaned periodically; therefore, the hairspray thick-
ness varied between prints and may have affected pre-strain
storage in the first layer.

Two different stable states were encoded in the square samples.
State 1 was encoded by printing a bilayer (bilayerO) in the 0 deg
direction. State 1 was activated when bilayer0 was concave.
Bilayer0O was printed on the bottom, closest to the print bed. State
2 was encoded by printing a bilayer (bilayer90) in the 90 deg
direction. State 2 was activated when bilayer90 was concave.
The samples were printed flat and were activated by raising the
sample temperature above T,. States were activated by snapping
samples with tweezers.

Blue PETG samples from 1.75 mm diameter filament were also
printed. Printer settings for the same as the PLA samples except
for nozzle temperature set at 245 °C and print bed temperature at
85 °C. Samples were printed on the left, right, and middle of the
print bed.

The filament manufacturer did not provide a 7, value for PLA or
PETG [24,25]. A T, of 60 °C was assumed for PLA [6,13]. A T, of
80 °C was assumed for PETG [26].

2.2 Water Bath Heating Test. A water bath provided a con-
sistent temperature to the entire sample. A T, of 65+ 1 °C was
chosen because it is 5 °C above the glass transition temperature
of PLA. A few seconds after heating, the sample would shift and
snap to one of the possible states. If the sample got “stuck”
between two states, tweezers were used to switch the sample to
one of the states. Once the sample was fully snapped, it was
snapped in the opposite direction. If the sample returned to the
first state without intervention, the sample was considered mono-
stable. Each sample was snapped back and forth between states,
allowing 15 s or more between each state. If the sample stayed in
the just-snapped orientation after three times, the sample was con-
sidered bistable. Some samples lost bistability when heat was

Initial Unheated Bistable Squares

Bistable Square Being
Activated in Hot Water Bath

applied too long and became stuck in the selected state, a phenom-
enon noted by Riley et al. [6], due to a new energy minimum being
established [6,9]. The process of bistable square activation is shown
in Fig. 2.

2.3 Differential Scanning Calorimetry. Differential scan-
ning calorimetry was used to determine the 7, and the T, of each
filament color. Filament was dried overnight at 65 °C to remove
any moisture. Small samples were cut from the dried section of
filament, weighed, and then hermetically sealed. A heat-cool-heat
cycle was run on each sample. The first heat cycle was used
to erase any thermal history, and the second heat cycle was used
to measure the T, and Tj, values. The samples were heated to
250 °C and cooled to —90 °C at a rate of 10 °C/min. The average
was taken for each set of three samples per color.

2.4 Thermogravimetric Analysis. Thermogravimetric analy-
sis (TGA) measured the point of onset degradation and the change
in mass of the specimen over a temperature sweep. The temperature
was increased from room temperature to 600 °C at 10 °C/min
under nitrogen atmosphere. The TGA tests were performed using a
high-temperature platinum pan.

2.5 Rheology. Rheological characterization was investigated
using parallel plates with environmental testing chamber. Fre-
quency sweeps were conducted at 500-0.1 rad/s with constant
strain of 0.5% at 200 °C. Temperature sweeps were performed
from 200 °C to 100 °C at 3 °C/min with a constant frequency of
10 rad/s and strain of 0.5%. Printed samples had a 2 mm thickness
and 25 mm diameter and the rheological testing gap was 1.5 mm.

2.6 Crystallinity From X-ray Diffraction. X-ray diffraction
(XRD) investigated crystallinity. Circular samples were cut from
printed squares with scissors to serve as XRD samples. Samples
in each color and blue samples printed at nozzle temperatures
185 °C, 200 °C, and 210 °C were tested. The XRD used Co Ko
with run conditions of 40 kv and 45 mA.

2.7 PETG Prints. Printed PETG samples were also tested in
the water bath following using the same procedure outlined for
the PLA samples. The water temperature was 85 °C. Three
samples from each print bed location (left, right, and middle)
were tested.

Squares Activated in State 1

Squares Activated in State 2

By E

Fig. 2 Process of sample activation to state 1 or state 2
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Table 1 Percentage bistability based on filament print color

Number of bistable samples Percentage
Color (out of three samples) bistable
Clear pro 3 100%
Blue 2 67%"
Green 2 67%"
Purple 1 33%
Black 0 0%
Lime green 0 0%
Yellow 0 0%
Red 0 0%

“Blue PLA was expected to be 100%.
®Scraggly corner in one sample could explain lack of bistability in one
sample.

3 Results and Discussion

3.1 Water Bath Heating Test for Bistability Results and
Discussion. Because the bistability displayed by the samples
existed as a range, bistability for a color was based on the ratio of
bistable samples to total samples (i.e., if two samples were bistable
out of three total samples =2/3 =67%). The results are shown in
Table 1. As shown in Table 1, four colors exhibited some amount
of bistability, and four colors did not exhibit bistability. The clear
pro filament had the most consistent bistable samples at 100%.
The blue and green filament exhibited 67% bistability. Then, the
purple filament exhibited 33% bistability. The black, lime green,
red, and yellow filaments exhibited no bistability at the given
print setting. The samples varied in ease of switching states and
speed to return to original state, if monostable. Yellow samples
returned to the first state quickly, while monostable samples of
the black, red, and lime green filament returned more slowly.

Bistability is partially dependent on filament color. The colorant
and other additives affect the polymer chain behavior during the
printing and cooling process. The filament colors that exhibited bist-
ability did not consistently exhibit bistability across all samples.
The variability within each potentially bistable color could be
caused by slight differences in over- or under-extrusion. Seven of
eight colors had a filament diameter tolerance of +0.05 mm
[22,25], of which three had some bistable behavior. One color,
clear pro, had a tolerance of +0.02 mm [21] and demonstrated the
most consistent bistability. Given that a smaller tolerance allows
for more consistent extrusion with less over- and under-extrusion
during the print process [27], pre-strain may have been stored
more evenly and consistently within the print, allowing for more
accurate prints. More research is needed to conclusively determine
the effect of filament diameter tolerance on pre-strain storage.

3.2 Differential Scanning Calorimetry Results and
Discussion. The average values of T, and Tj, are shown in
Table 2, with colored filament ordered along decreasing T.

Table 2 T, and Ty, of filament colors in decreasing T, order

Average
temperature in °C

MatterHackers Percentage bistability
PLA filament color T, T (out of three samples)
Red 60.72 175.44 0%
Blue 59.48 169.77 67%
Yellow 58.13 172.87 0%
Black 57.86 175.29 0%
Lime green 57.54 174.44 0%
Green 56.96 167.02 67%
Purple 56.93 169.46 33%
Clear pro 55.69 150.75 100%

031002-4 / Vol. 3, 2024

A clear trend for T is not evident. All samples that display some
bistability are in the lower half of the T}, values, but a correlation
between percentage of bistability and increasing or decreasing 7,
is not observed. Further study of a wide variety of colors across dif-
ferent filament companies could determine whether a trend exists
for T, and whether the trend for Ty, continues to hold. Having a
lower Ty, could be advantageous during the pre-strain storage
process. The heating and cooling behavior of the filament during
the printing process likely has a strong effect on the pre-strain
storage process, indicating that nozzle temperature and print bed
temperatures may be important factors.

3.3 Thermogravimetric Analysis Results and Discussion.
Figure 3 shows the behavior of all eight colors when heated to
degradation. There was no visible trend between TGA results, fila-
ment color, and bistable behavior. Two distinct behaviors can be
seen. Blue and clear pro filaments exhibit 100% mass loss. The
other colors exhibit about 90% mass loss, where the residual mate-
rial could be the colorant.

The type and amount of colorant used to dye the filament likely
affect its T, and Tp,. The colorant likely affects the hydrogen bonds
and van der Waals forces between the polymer chains, which could
change the T, and T, and affect any crystallization or entanglement
process in the material and thereby the resulting SME behavior. The
black filament likely uses carbon black, and the blue filament is
likely a variant of anthraquinone dye. The other colors may also
be a variant of anthraquinone dye.

The colorant effect on material properties makes colorant choice
instrumental in designing metamaterials with consistent bistable
development at given print parameters. Knowing the colorant and
how it affects PLA will be paramount for future design; however,
filament producers are unlikely to share colorant type and
amount, making the study challenging. Filament additives could
be designed to enhance the pre-strain development.

3.4 Rheology Results and Discussion. Oscillatory frequency
sweeps were conducted at the print temperature of 200 °C to char-
acterize the viscoelasticity of the material during extrusion. The
results are shown in Fig. 4. For all filament colors, G” >G’ over
the range of frequencies tested and indicates the material is behavior
is dominated by the viscous response. The filaments have observed
terminal behavior with red exhibiting some deviation of expected
Newtonian behavior.

To further understand the thermal effects on viscoelasticity, oscil-
latory temperature sweeps were completed. Figure 5 summarizes
the temperature sweep data. Beginning at 200 °C, G” > G’ and the
material behaves as viscous liquid. As the material is cooled,
modulus crossover where G’ dominates is observed. The crossover
temperatures (7..ss) are color dependent as shown in Table 3. For
clear pro, green, and purple, the data are smooth throughout
the cooling temperature ramps. Other colors experienced rapid
changes past the crossover temperature and almost a solidification.
For example, the blue data exhibited the highest 7,5 and had very
sharp transition. The normal axial force readings increased drama-
tically during the modulus crossover to cause the data to be
errant. Similar behaviors are observed for black, lime green, red,
and yellow.

The rheology did not reveal a defining feature for bistable colors.
Clear pro, with 100% bistability, showed a smooth profile, while
blue, with 67% bistability, showed a sudden jump. Blue had the
highest T, and green had the lowest T of bistable samples.
Both blue and green showed some bistability, indicating that
Teross does not distinguish between bistable and monostable. The
sharp drop in viscosity may allow a material to hold more pre-strain
as it cools.

3.5 Crystallinity Results and Discussion. As shown in Fig. 6,
blue and clear pro samples were fully amorphous; all other samples

Transactions of the ASME

20z J1aquiaidas 6T uo 1sanb Aq Jpd-z00TE0 € ©l0e/580.22./27T90v T/STTT 0T/I0p/spd-ajone/bunssuibusuado;/fio swse:uonds|joofenbipsiuse solsnodeuoneIqin//:dny woiy papeojumod



20 L

—— Black
= Blue
Clear
—— Dark Green
Lime Green
15 4 —— Purple -
—— Red
Yellow
- ey}
c
8
= 104
[0
o
a—
£
2
&
04 L

T
400

Temperature (°C)

Fig. 3 TGA data from PLA filament

L L 1
— Black
[ Blue
Clear
e D1k Green
100 4 - - Lime Green|f=
I—— Purple
—— Red
Yellow
b=
7
2
[
o
- 50 4 | -
L
Re)
L]
=
[ e -
0 200 400 600
Temperature (°C)
0 1 _*“‘i
0y .
4 i i
-
pe  AF
= -~ Ly 4
Q. 10"+ - ./
@ o v
3 H
5 .,. kS
g 04 P | s G G
= B L . Purple
i o A Clear
1 o - o o— —o— Blue
e . Red
l:’ 1 -.
0 0 10 107 0

Angular frequency (rad/s)

Q

Q

Q

Q

Modulus (Pa)

Yellow
. Lime Green
- Green
el e B ACK

o

Q

. 0 T s "

.
o

- o
] Y

Angular frequency (rad/s)

<

Fig. 4 Frequency sweeps at 200 °C of PLA filaments

had some crystallinity in the form of calcite (CaCOj3). The sample
labeled teal is another green sample.

Figure 7 shows the blue filament samples at three different nozzle
temperatures. The 185 °C had a significant peak not seen in the
other samples. Preliminary work from left, right, and middle
prints showed strong evidence for blue samples being bistable
between 185 °C and 200 °C. (Clear Pro had evidence of bistability
between 195 °C and 215 °C, excluding 205 °C. Black showed evi-
dence of bistability at 185 °C.) False negatives occurred from print-
ing on the left, right, and middle of the print bed; however, there is
evidence that nozzle temperature affects bistability. As temperature
increased, PLA may have lost some of its crystallinity, appearing
amorphous.

Wittbrodt and Pearce found a difference in percent crystallinity
for both filament color and nozzle temperature. The current work
validates that both differences occur; however, the XRD results
have not been tied to the crystalline portion of the semi-crystalline
PLA. More research is needed to determine the percentage of crys-
tallinity in PLA.

3.6 PETG Results and Discussion. None of the PETG
samples exhibited bistability at the given print parameters; all
exhibited the SME and all samples curled up toward the
bilayer90 in state 2, away from bilayer(). Soleyman et al. stated
that the highest pre-strain is on the bottom layer of the print due

ASME Open Journal of Engineering

to their samples bending downward to the side printed closest to
the print bed [16], which seems unlikely. First, Soleyman et al.
appeared to use an alternating 0 deg/90 deg for a thickness of
I mm at 0.2 mm layer height (three layers of Odeg and two
layers of 90 deg) [16]. Soleyman et al. had an extra layer for
each print, which could predispose the print to bend toward the
direction with more layers (the bottom layer) giving the impression
of higher pre-strain on the bottom. The monostable PETG samples
had an equal number of layers (five layers of 0 deg and then five
layers of 90 deg), resulting in more equal comparison. Finally,
Soleyman et al. used a bed temperature of 60 °C [16] whereas
this paper used 85 °C as the print bed temperature. The higher
bed temperature may have relaxed more of the pre-strain in the
bottom layers and resulted in a behavior closer to what was seen
in Bodaghi et al. with PLA [12], with the most pre-strain in the
top layer. With parameter tuning, PETG could be a viable option
for printing SMS.

3.7 General Discussion. All tested samples demonstrated
SME; only some displayed bistability. Extensive material testing
could not find a definitive trend between material and bistability.
The SME relies on both material and process [9]. Any material
that exhibits SME and can be FDM printed is expected to have
a set of print parameters that would create bistability; likewise,
with proper tuning, bistability can likely be created for most

2024, Vol. 3 / 031002-5
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Fig. 5 Viscoelastic oscillation temperature sweeps for the eight PLA filaments

Table 3 G'/G” crossover temperatures (Toss) for filament
colors

G’/G” crossover temperature (°C)

PLA filament color Teross

Blue 147.28
Lime green 134.19
Clear 127.5

Red 127.26
Purple 125.07
Black 123.82
Green 120.14
Yellow 118.16

SMP color and additive variations. Any colorant or additive added
to the base material affects the shape-fixing and/or the shape-
switching element, affecting the pre-strain stored. To draw conclu-
sions about chemical interactions, specifics on base material and
colorant are needed, which will be challenging given the
proprietary nature of both. Given that different processing settings

031002-6 / Vol. 3, 2024

are needed for different materials, printers with two nozzles or
more allow for multiple print parameters to be used to create bis-
table behavior for multi-material SMS, as demonstrated in Riley
et al. [6].

3.8 Mathematical Explanation. A possible mathematical
explanation is provided for bistability. Pre-strain storage and
release will be described during the printing and the activa-
tion process. Then the theory will be applied to a square with bilay-
ers during activation. Finally, an explanation for bistability is
presented.

During the printing process, one bead of material is laid down at a
time. That bead is stretched and then cools, storing pre-strain. A
series of beads printed at the same distance from the print bed are
a printed layer. Assume that a bead printed on the same layer in
the same direction with the same print parameters has the same pre-
strain as all others on the same layer. Finally, assume that the pre-
strain stored is equivalent to some potential energy related to
stretched amorphous polymer chains. The process can be viewed
in terms of bead, layer, bilayer, or as an entire structure. The inter-
action between the printed beads will not be considered below.
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The energy is provided during the printing process, when the
polymer is fixed in an energetically unfavorable state. The energy
provided during the initial printing is ej,ia- Some energy is lost
before the print cools below T, for the first time and additional
energy is lost when a new layer reheats the cooled layer below it
or from heat applied by the print bed. The energy can be broken
into multiple terms due to the repeated heating and cooling
process; however, the energy lost during the entire process will
be considered in one term: e}, Once the print is complete and
cooled below Ty, there will be some energy stored, egoreq- When
the print is heated above T, during activation, the polymer will
shrink, releasing some energy, €cjeasea- When the print is cooled
below T, again, there is some remaining or left energy, ejcs. The
print can be repeatedly heated above and cooled below T, where
€lef ANd €peleaseq CAN be in parts or as a global value. Equation (1)
refers to the initial energy storage process, Eq. (2) refers to the
energy release during the shape recovery process, and Eq. (3)

ASME Open Journal of Engineering

refers to the total process.

€initial = €lost + Estored (D
€released = €stored — Cleft 2)
Cinitial = €lost + Creleased T Clefi (3)

Assume there is a maximum possible e;,;,, driven by printer
parameters and given material, and a minimum possible ej.q that
must remain in a given layer. Therefore, there is a range of possible
€stored ANd there is @ maximum eejeqseq limited by print parameters
and material, as established in Eq. (4)

€released = Cinitial,max — €left,min (4)

Now the reheating process during the printing process will be
considered more closely. Each layer of a print has its own egreq-
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The egoreq for each layer will be measured starting at 1 and ending at
n, with n being the maximum number of layers in the print. There
are four elements that comprise egored: €intials Clostinitial (Which
refers to the pre-strain lost during the initial extrusion), €jos;printbed
(which refers to the pre-strain lost due to the print bed), and ejo,
reheat (Which refers to the pre-strain lost due the reheating from
the nozzle). ejog1 printbea AN €logt rehear are both functions of distance.
The further a printed layer, layer i, is from the print bed, the less heat
the layer will receive and the smaller ejqq prinwea Will be. Likewise,
the further layer i is from the most recently extruded layer, the less
heat the layer will receive from the extrusion and the smaller e}y,
reheat Will be. For simplicity, einitia and €jogt initia1 Will be considered
constant across all layers, even though there may be some variation.

There exists an equation that describes the how the print bed
affects the energy stored in a layer, given the distance from the
layer to the print bed (dyrinwed), the material properties (Pmaterial)s
the print bed temperature (Tpinweq), the temperature of the layer i
(Thayer,i)» and the effect of print parameters (pprind, shown in Eq.
(5). There exists a distance, (dprintbed,fina)s Where the heating
effect from the heat bed is negligible. The print bed is assumed to
heat consistently across time and distance, though this is not often
the case. If the print bed is off, ejos printed 18 0.

€lost,printbed =f (dprimbed, Tprimbed, Tlayen Pmaterial » pprim) (5)

There is an equation that describes how a newly extruded layer,
z, affects the energy stored in a layer 7, given the distance from the
new layer (dpintediayer)> the temperature of the new printed layer
(Tprinted 1ayer)s the temperature of the layer i (Tjayer,), the material
properties (Pmaeria)s and the effect of print parameters (ppyino),
shown in Eq. (6). There is a distance at which the effect of the
newly printed layer is insignificant, denoted by dprintediayer,final-
Layers repeatedly affected by the reheating effect will lose more
pre-strain than those that have less exposure to reheating (layers
in the upper portion of a print).

€lost,reheat,i,z =f (dprimedlayer, Tprintedlayers Tlayer,i > Pmaterial » pprim) (6)

Another way to consider the printing process is to look at the tem-
perature of the layer above (7};;) and the layer below (7;_,) as well
as the material properties and print parameters, shown in Eq. (7).
This method will not be given much consideration in this work.

€lost,layerprinting zf(THl > Tioq, Pmaterial » pprim) (7)

The time it takes the printer to complete a layer will affect the
reheating process. This is considered in the print parameters,
which includes the print speed and can be extended to include the
design of each layer. It may also be considered as a separate
element. Given that a bistable square has the same shape and the
same print speed for each layer, the time needed to complete each
layer is considered the same; therefore, time needed to print a
layer is not included directly.

Consider a print of exactly three layers. Layer 1 is directly on the
print bed, layer 3 is the top layer, and layer 2 is between layers 1
and 3. Therefore layer 1 will lose the most pre-strain energy due
to print bed and the reheating process and layer 3 will lose the
least, as shown in Eqgs. (8) and (9), respectively:

€lost,printbed,1 > €lost,printbed,2 = €lost,printbed,3 ®)
or

Clost,reheat,total,] > Clost,reheat,total,2 > €lost,reheat,total,3 )

Equations (10)—(12) describe the total egoeq due to layer posi-
tion. Equation (12) does not contain a reheat element because no
energy is lost to reheating in the top layer.

€stored,1 = €initial — €lost,initial — elnst,prim bed,1 — €lost,reheat,1,2 — €lost,reheat, 1,3

10)
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€stored,2 = €initial — €lost,initial — €lost,print bed,2 ~ €lost,reheat,2,3 11
€stored,3 = Cinitial — Clost,initial — Clost,printbed,3 (12)

Layer 1 will lose the most pre-strain, resulting in the least energy
stored and layer 3 will have most energy stored, having lost the least
pre-strain, as shown in Eq. (13).

Cstored,1 < Estored,2 < Cstored,3 (13)

Or more generally in Eq. (14)

€stored,1 < Estored,i < €stored,n (14)

This conclusion aligns with Bodaghi et al., Nozoori et al., and
Tezerjani et al. [12,14,15], where the pre-strain is the greatest at
the top layer and least at the bottom.

Now consider a switchable bistable square with ten layers, which
are labeled 1-10, starting at the print with 1 and ending at the top
layer with 10. Layers 1-5 are printed in the O deg direction.
Layers 6-10 are printed in the 90 deg direction. Assume that
layers printed in the same direction form a bilayer and the energy
stored can be considered globally for the bilayer. The square can
be described with egored pilayero A Etored bilayeroo, With bilayer0 con-
taining layers 1-5 and bilayer90 containing layers 6-10. Further
assume that a bistable square above T, requires a given energy
(esnap) to snap between states and that the T, has negligible
effect on the required egp,p, as long as Ty, > T, > T,. Note that the
energy required to snap a bistable square below T, is infinite
because the sample will break before it is snapped between states.
Also note that egoreq pilayeroo 18 generally greater than egored ilayeros
assuming bilayer90 is the top layer.

When a bistable square is activated, the sample will self-snap
without external force. The as-printed shape is the temporary
shape and the snapping is a result of the sample shrinking and
switching to one of its stable states. There are three common
options: (1) the sample will fully self-snap to one state; (2) the
sample will self-snap toward a state and then self-snap fully to
the opposite state; and (3) the sample will self-snap to an in-between
state and will stay there until an external force provides energy to
complete the snap in one direction. Because the sample started
flat and in its temporary shape, a lower egnap initial 1S OVercome.

Equation (15) describes the instantaneous energy release rate, r;,
where ¢, is the time at a given moment and e€;jeaseqr; 1S the energy
released at #;. Equation (16) looks at the total energy release rate
from the initial start time until that moment, rgjeased, and models
the current state of snapping, where the total energy released is
€released> the start time is 7, the energy stored at £ iS €gored 0, and
the energy stored at #; iS e€iorea,s- Equation (17) looks the final
energy released, Frejeased.final, ONCE the snapping behavior has stabi-
lized and serves to look at the global behavior, where the final time
is t, the energy released is ercieased,finat» and the energy stored at tris
estored,tf-

4 X
= rele;sed,t, ( 1 5)
i

Creleased __ Cstored,ry ~ Estored,t; (16)
ti—1 ti—1o

Treleased =

Creleased,final __ Cstored.fy — Estored.l;
Ir =1

a7

Freleased, final = P—

For case 1, the difference in the material shrinkage is sufficiently
large that one bilayer dominates, causing a full self-snap. For case 2,
the shrinkage varies, with one bilayer having greater energy
released for a time until the opposite bilayer releases enough
energy to fully transition. For case 3, the energy difference
between the layers is not initially sufficient to fully snap. The differ-
ence in bilayer energy over the period in which the snapping occurs
(whether instantaneous or long term) determines which direction
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the sample snaps. The initial shrinkage is sufficient to overcome
€snap,initial OT t0 establish a tenuous balance between states, indicat-
ing the pre-strain release is the highest in the initial activation. This
is corroborated by Riley et al., who demonstrated that a blue PLA
filament printed at 0.01 mm layer height exhibited pre-strain shrink-
age of about 0.05 mm/mm within the first 30 s and achieved a total
pre-strain shrinkage of 0.08 mm/mm by 300 s [6]. Case 1 was the
most common, with case 2 and case 3 being less common. This
implies that there is a difference in pre-strain in even identical
appearing prints. When viewed globally, Eqgs. (18)-(19) apply to
case 1 and case 2.

€released,f,bilayer0 <erclcascd,f,biluycr90

18
Ir—to Ir—1o (1%
or

Creleased.f,bilayer90

Creleased.f,bilayerQ > (19)
Iy —lo Iy —1o

The sample will most often snap in the bilayer90 direction in case
1, with bilayer90 being the top layer in this case, correlating with
the idea that more pre-strain is stored at the top layer of printing
[12,14,15]; however, some prints will initially snap to bilayerQ or
will exhibit case 2 or 3, indicating that having higher pre-strain
storage at the top layers is more likely, though the gradient
between the top and bottom layer may not always be large, even
for prints with the same parameters.

When viewed globally, case 3 can be described by Eq. (20), indi-
cating that the energy released was approximately equal.

€released, f,bilayer0 - Creleased, f,bilayer90

20
r—lo r=lo e

To snap a sample in case 3, perhaps to bilayer90, a pair of twee-
zers is used, which is referred to in Eq. (21) as €qxemar- The time for
the snap is considered instantaneous, even though the actual snap-
ping takes a few seconds and a couple tries.

ereleased,bilayerO < (ereleased,bilayeﬁ)o + eextemal) (21)

Now assume that the sample is above 7, and snapped to
bilayer90. Tweezers will apply an external force to snap the
sample to bilayer0). Consider the moment of the snap, denoted
Isnap,m- The snap is not instantaneous but can be assumed to be
given that the energy applied by the tweezers is significantly
greater than any energy stored in the sample, as shown in Eq. (22).

€external > ereleased(lsnap,m) (22)

If the sample is bistable, it will stay at bilayerO until it is snapped
again or it is lowered below T, where the material becomes glassy.
More specifically, the energy difference in the bilayers is less than
the energy needed to overcome eg,p, as shown in Egs. (23) and
(24):

€bilayer0 — ebilayer90| < €snap (23)
or
C€bilayer0  Cbilayer90 €sna
olayerd  “brayerD| . Zshap (24)
Treturn Treturn Treturn

where term is defined as the time from the completion of the last
snap until the next snap is initiated by an external force or a self-
snap is completed.

If the sample is monostable, the energy difference between the
bilayers is greater than eg,p, as shown in Egs. (25) and (26).

|ebi1ayer() - ebilayerQOl > €snap (25)
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or

Cbilayer0 _ Cbilayer90 S €snap (26)

[retum [retum tretum

The faster the return, the faster the release of pre-strain energy
occurs and the greater the difference in the pre-strain energy is.
The pre-strain in one bilayer is released a little faster on one side
than the other, causing shrinkage, until the energy threshold of
€snap 18 Teached and the return self-snap occurs.

Finally, if a sample is left at 7, for an extended period of time,
elefmin Will be reached. When the external force is applied, the
sample will return to the state that has become the fixed permanent
state due to pre-strain release.

Pre-strain storage is affected by multiple parameters, implying
that it is possible to either increase ey, Or decrease the bilayer
energy difference to allow for bistability in a wide variety of mate-
rials, colors, and print parameters, inviting further study. The pre-
strain for each bead was assumed to be equal to the one next to
it. This is not true, given the difference in filament tolerance and
having two beads on the edge always exposed to outside air. Deter-
mining the effect of filament tolerance on the consistency of stored
pre-strain and varied print bed temperature on pre-strain gradient
will be important.

Measuring the pre-strain stored during the printing will be chal-
lenging. Pre-strain shrinkage tests like those used in Riley et al. can
show the epcjeaseqs related to egorea by Eq. (2), likely sufficient for
understanding bistable behavior on a practical level. The broader
equations provide a framework tying the molecular, single layer,
bilayer, and macro behavior with the variance caused by material,
color, and print parameters and could be extended to a computer
model of the printing process.

The inherent variability in the pre-strain storage process during
must be considered during sample creation. Using filament with
finer tolerance may result in more consistent bistability and could
potentially limit the effect of color. Extrusion behavior at the
nozzle, affected by material and extruder design, may have some
effect on pre-strain storage. Controlling variance will create more
consistent SMS allowing transition to application.

4 Conclusion

A bistable square has a pre-strain difference in its bilayers that is
unable to overcome eg,,,, Which is determined by the pre-strain
stored in each layer, which depends on many inter-reliant factors,
one of which is color. A combination of print parameters and mate-
rial choices likely exists that would allow bistable behavior for most
SME 3D printable materials. A series of mathematical equations
can describe the pre-strain storage and release process as well as
whether a sample is bistable or monostable. Careful consideration
of material and process is required when creating 4D printed pre-
strain driven structures, and more research is needed to understand
the pre-strain storage process and causes of variance during
printing.
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