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ABSTRACT: We describe the preparation and characterization of
photo- and mechanochromic 3D-printed structures using a commercial
fused filament fabrication printer. Three spiropyran-containing poly(e-
caprolactone) (PCL) polymers were each filamentized and used to print
single- and multicomponent tensile testing specimens that would be
difficult, if not impossible, to prepare using traditional manufacturing
techniques. It was determined that the filament production and printing
process did not degrade the spiropyran units or polymer chains and that
the mechanical properties of the specimens prepared with the custom
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filament were in good agreement with those from commercial PCL

filament. In addition to printing photochromic and dual photo- and mechanochromic PCL materials, we also prepare PCL
containing a spiropyran unit that is selectively activated by mechanical impetus. Multicomponent specimens containing two
different responsive spiropyrans enabled selective activation of different regions within the specimen depending on the stimulus
applied to the material. By taking advantage of the unique capabilities of 3D printing, we also demonstrate rapid modification of a
prototype force sensor that enables the assessment of peak load by simple visual assessment of mechanochromism.

KEYWORDS: additive manufacturing, mechanochemistry, polymers, responsive materials

B INTRODUCTION

Three-dimensional printing (3DP) is a method of additive
manufacturing that enables the construction of 3D objects
based upon a digital model. Although the basic methods for
3DP have been known for decades, the area has seen a recent
surge of interest as researchers continue to develop new
materials that enhance the capabilities of 3DP and as broader
communities find new applications that benefit from software-
reconfigurable rapid prototyping.' > When a digital model is
supplied to the printer, the printing system uses slicing software
that converts the 3D model to 2D slice descriptions, and a G-
code generator converts the slice descriptions into numerically
controlled machine instructions. With this approach to
manufacturing, the time and resources required for production
of a single prototype of an envisioned object are streamlined. In
contrast to traditional manufacturing techniques, such as
injection or compression molding, the advantages of 3DP
include increased customizability, ease of use, orthogonality to
existing manufacturing techniques, and access to the technique
by a wide user base of a variety of backgrounds and skill levels.
Fused filament fabrication (FFF), for instance, has become
accessible in private homes for printing the likes of toys,
housewares, art pieces, and accessories for portable electronics.

An exciting and potentially transformative area of growth is
the integration of functional polymeric materials with 3DP
technologies."” As these areas merge, the capabilities afforded
by designer polymer synthesis can be incorporated into rapidly
customizable objects and devices.*> Examples of 3D-printed
functional materials and devices include drug delivery plat-
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energy storage devices,
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forms,®” tissue scaffolds® ™!
electrically conductive materials,"*~"” and force-sensors.

We envisioned the ability to incorporate mechanochemically
responsive units into materials amenable to 3DP techniques to
produce printed objects with well-defined shapes and regions
capable of chemo-mechanical coupling.”® Recent advances in
polymer mechanochemistry have given rise to systems that
translate macroscopic mechanical force into specific chemical
reactivity.”' ~>* In the solid state, mechano-responsive polymers
and materials have shown promise for applications including
mechanochromic force sensors,”> > mechano-catalysis,> self-
reinforcing materials,>>** and scaffolds for small molecule
release.”>*> ™7 Among the various mechanophores reported in
the literature, we were particularly interested in the
mechanochromic spiropyran systems that have been extensively
studied in the field, as the ease of determining qualitative
activation in this system is unmatched.”>">° Upon application
of force across the Cy,,-O bond (Figure 1), isomerization of
the spiropyran to its highly colored purple merocyanine isomer
can be accomplished, effectively enabling the self-reporting of
stress accumulation within a macroscopic material via readily
identifiable color change.

Recently, we demonstrated the 3DP of poly(e-caprolactone)
(PCL) containing a chain-centered spiropyran and explored its
basic mechano-responsive characteristics in a notched specimen
and prototype force sensor.”? In this manuscript, we character-
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Figure 1. Generalized depiction of the mechanochemical isomerization of a spiropyran moiety to its merocyanine form.
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ize the mechanical properties of the printed materials and
explore the extent to which polymer degradation occurs during
filament formation and extrusion printing. We also examine the
incorporation of different spiropyran moieties into 3D printed
PCL. Specifically, we prepare multicomponent specimens that
display selective activation of specific regions in the materials,
depending on the stimulus being applied. These results include
the first demonstration of a spiropyran that is uniquely
responsive to mechanical force without displaying the same
photoresponsiveness observed from all previously reported
spiropyran mechanophores. We also showcase the unique
abilities of 3DP in contrast with other traditional manufacturing
techniques by demonstrating rapid customization of the
dynamic sensing range of a force sensor. The utility of this
paradigm and its suitability for broad adoption is supported by
presenting illustrative results obtained using only inexpensive
entry-level 3DP technology and freely available software.

B EXPERIMENTAL SECTION

Materials. Dry toluene was obtained from a Glass Contour solvent
purification system. The monomer &-caprolactone was dried over 4 A
molecular sieves for 48 h prior to use. House N, was passed through a
drying tube before use. All other reagents and solvents were used as
obtained from commercial sources.

Characterization. See the Supporting Information for gel
permeation chromatography (GPC) traces, NMR spectra, UV—vis
spectra, and descriptions of analytical instrumentation.

Synthesis of Polymer 3. Initiator 1 and polymer 3 were prepared
following a reported procedure.”

Synthesis of Polymer 4. A flame-dried and N,-purged three-neck
round-bottom flask fitted with a reflux condenser was charged with
initiator 2 (prepared as previously reported,®® 268 mg, 0.76 mmol, 1.0
mol equiv) and a stir bar. To the reaction flask was then added &-
caprolactone (29.4 mL, 265 mmol, 350 mol equiv) and dry toluene
(30.0 mL). Finally, Sn(Oct), (80 uL, 0.251 mmol, 0.33 mol equiv) was
added and the reaction solution was brought to refluxing temperature.
After 24 h, the reaction solution was brought to 40 °C, diluted with
toluene (~150 mL), and stirred until the polymer was fully dissolved.
The polymer solution was then precipitated into an excess of cold
MeOH, after which the precipitate was collected via vacuum filtration
and then dried under reduced pressure. The PCL product was
obtained as a brown solid in 96% yield (29.0 g).

Synthesis of Initiator 7. Indole S (prepared as previously
reported,” 266 mg, 1.31 mmol, 1.0 mol equiv) and salicylaldehyde 6
(prepared as previously reported,®® 200 mg, 1.31 mmol, 1.0 mol equiv)
were dissolved in S mL of absolute ethanol. Piperidine (0.26 mL, 2.63
mmol, 2.0 mol equiv) was added and the solution brought to reflux.
After 6 h the reaction was judged to be complete by TLC. The
reaction was cooled to room temperature and diluted with 20 mL of
ethyl acetate and washed successively with water (3 X 20 mL) and
brine (1 X 10 mL). The organic layer was dried over MgSO, and
concentrated under reduced pressure to yield 7 as a black crystalline
solid in 91% yield (401 mg). 'H NMR (300 MHz, CDCL,) 5 7.17 (td,
J=7.7,13 Hz, 1H), 7.11-7.05 (m, 3H), 6.86 (td, ] = 7.4, 0.8 Hz, 1H),
6.83 (d, ] = 10.2 Hz, 1H), 6.68 (d, ] = 7.9 Hz, 1H), 6.63 (d, ] = 7.8 Hz,
1H), 5.69 (d, J] = 10.2 Hz, 1H), 4.57 (s, 2H), 3.79-3.70 (m, 2H),
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3.56—3.45 (m, 1H), 3.40—3.26 (m, 1H), 1.30 (s, 3H),
BC NMR (126 MHz, CDCl;) § 153.5, 147.3, 136.3, 132.9, 129.3,
129.0, 127.6, 125.9, 121.8, 119.9, 119.3, 118.6, 115.1, 106.6, 104.7,
64.9, 60.8, 52.3, 46.0, 25.8, 20.3. MS (ESI): [M + H]" calculated for
C,,H,,NO;, 338.18; found, 338.4.

Synthesis of Polymer 8. Polymer 8 was prepared in the same
manner as described in Synthesis of Polymer 4, except 7 was used as
an initiator (7 = 164 mg, 0.49 mmol,; e-caprolactone = 18.84 mL,
170.1 mmol, 350 mol equiv.; toluene = 20 mL; Sn(Oct), = 0.05 mL,
0.16 mmol, 0.33 mol equiv). The polymer was obtained in 96% yield
(18.7 g).

Filament Production. Polymers 3 and 4 were mixed with
Makerbot Flexible Filament (C) cut into small pieces, melted with a
heat gun, and manually mixed with a spatula. After cooling, the

1.17 (s, 3H).

resulting solid mixture was cut into small pieces with scissors and put
into an electronically controlled burr mill with dry ice. The polymer
was ground into particles no larger than S mm in diameter and then
made into filament via melt extrusion (at 63 °C) with a Filabot Wee
filament extruder. The filament 3y, was produced without blending in
any commercial filament C.

3D Printing. 3D structures were designed and converted to STL
files using Sketchup 2013 computer aided design (CAD) software. The
STL files were imported into Replicator G (version 0040) and G-code
(for Makerbot class machines) was generated using either Slic3r 0.X
(for single material prints) or Skeinforge S0 (for multimaterial prints)
slicing programs. Multimaterial prints required the generation of G-
code for each component individually, followed by their merger using
Replicator G. A Flashforge Creator dual-head FFF 3D printer
(firmware 7.2) was used to read the G-code and print the 3D object.
Objects were printed centered on a nonheated Plexiglas build plate
with the long axis of the specimen aligned with the y axis of the build
plate (build space axes shown in Figure S1, Supporting Information).
Objects were built up in the vertical z axis (as indicated for all parts in
the Supporting Information). The outline of the specimen was printed
first with its thickness depending on the number of shells. For the first
layer, the extruded polymer was laid in alignment with the y axis. For
the second, the polymer was laid in alignment with the x axis. The fill
alignment continually alternates such that the layers above or below
any one layer are perpendicular to each other. Extrusion nozzles were
heated to 110 °C (filament was more prone to jamming at lower
temperatures). Additional print parameters included print speeds set
to 20 mm/s, travel speed set to 50 mm/s, retraction disabled when
applicable (i.e, when using Slic3r), two shells, fill density of 1 (i.e,
100% fill), and layer height of 0.25 mm. To ensure the most accurate
filament diameter, each sample of filament was measured with calipers
in multiple places along the section to be used for printing and the
average diameter was used in the print parameters. Dimensions of each
printed specimen are provided in the Supporting Information.

Mechanical Testing. Tensile testing of printed specimens was
performed on an Instron SS00R load frame with a S kN load cell
controlled using Bluehill 3.0 software. All tests were conducted using a
crosshead rate of 100 mm/min. Dimensions of each specimen were
measured with calipers prior to testing to ensure accurate calculation
of stress and strain for each sample. Three specimens were tested for a
given filament type.

dx.doi.org/10.1021/am506745m | ACS Appl. Mater. Interfaces 2015, 7, 577—583
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B RESULTS AND DISCUSSION

Three spiropyran containing polymers were prepared via ring
opening polymerization of e-caprolactone from spiropyran
alcohol initiators (Scheme 1). Polymers 3 (M,, = 90.0 kDa, b =

Scheme 1. Synthesis of Polymers 3, 4, and 8
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1.16) and 8 (M,, = 82.5 kDa, D = 1.18) bear chain-centered
spiropyrans such that elongation of the polymer results in stress
accumulation across the desired Cg,,-O bond, and isomer-
ization is activated. In contrast, polymer 4 (M,, = 64.9 kDa, D =
1.43) has a chain-end spiropyran moiety such that stress will
not be accumulated across the necessary bond, and thus, it
should not be activated by mechanical stimulus. Notably, each
of these polymers is of sufficient molecular weight to
accumulate tensile forces within the main chain that are great
enough to induce mechanochemical activation.

Each polymer was blended with commercial PCL (C) at
various concentrations (Table 1). The wt % of each spiropyran-

Table 1. Structure, Molecular Weight, and Dispersity Data
for the Synthesized and Commercial Polymer and
Compositions of Various Filament Types

M, spiropyran %
filament polymer  (kDa), B

blend w/wW
3100 3 90.0, 1.16 10% w/w with C 0.0
350 50% w/w with C 0.25
3100 none 0.50
459 4 64.9, 1.43 50% w/w with C 0.39
850 8 825, 1.18 50% w/w with C 0.43
Cioo C 62.7, 1.29 none none

containing polymer is denoted by the subscript (e.g, 3, is
comprised of 10 wt % 3 and 90 wt % C). Filament was
prepared using a single screw melt extruder. Average batch-to-
batch filament diameters ranged from ca. 1.55 to 1.85 mm, with
variation along the filament typically being less than +0.05 mm.
The custom filaments were used to print tensile testing
specimens using a commercial dual-extrusion head FFF printer.
Printing was initially performed using only one of the extrusion
heads set at a temperature of 110 °C, a nonheated build plate,
and a relatively slow print speed of 20 mm/s (in comparison
with 120—150 mm/s typically used for printing acrylonitrile-
butadiene-styrene or poly(lactic acid) filament). Due to the
relatively flexible nature of the filament, retraction was disabled
to avoid jamming of the filament during printing.
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During the mixing and melt extrusion steps of the filament
formation process, no color changes were observed from any of
the spiropyran-containing materials. Additionally, no color
changes were observed during printing, indicating no thermal
activation of the spiropyran was taking place. To determine if
any polymer degradation was occurring during the preprint
processing or printing, a printed specimen was subjected to
GPC analysis. No detectable changes in polymer molecular
weight or dispersity were observed as compared to the virgin

polymer (Figure 2).
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Figure 2. GPC chromatograms of polymer 3 prior to any filament or
print processing and after 3DP.

To examine the basic mechanochemical reactivity and
mechanical properties of the materials and to ensure a
controlled environment for elongation, tensile testing of “dog
bone” shaped specimens was performed on an Instron load
frame. In all cases in which 3 was present, color change from
brown to purple was observed upon elongation and necking of
the sample, signifying mechanochemical activation of the
spiropyran in accordance with previous studies.”>~>° While
the intensity of the resulting color was directly related to the
amount of 3 used in the blend (Figure 3), the most apparent
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Figure 3. Tensile test specimens made from (A) 3,90, (B) 350, (C) 310,
and (D) 45, pre- and postelongation. The vertical marks on the
specimen indicate the position of the load frame clamps. Scale bars =
10 mm.

contrast between virgin and elongated (activated) materials was
observed for blends having lower loading of spiropyran, due to
the lighter color of the unactivated material. No spiropyran
activation was observed in the test specimens made from 4, in
which the mechanophore is located at a chain end, thus
confirming the mechanical origin of the color change. Although
the Young’s modulus and yield strength of each blended

dx.doi.org/10.1021/am506745m | ACS Appl. Mater. Interfaces 2015, 7, 577—583
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Table 2. Summary of the Materials Properties of the Test Specimens Prepared from the Various Filament Types®

filament type modulus (GPa) yield strength (MPa) tensile strength (MPa) percent elongation to break

Cioo 0336 + 0.042 16.57 + 020 3324 + 115 709 + 25
Cyo0 (re-extruded) 0.225 + 0.011 133 £ 0.10 n. d? n. d.?

310 0.268 + 0.029 13.32 + 042 29.50 + 1.12 750 + 81
350 0.300 + 0.003 14.56 + 0.48 27.17 + 1.94 664 + 37
3100 0.351 + 0.030 1749 + 0.24 14.86 + 1.71 302 £ 12
45 0.300 + 0.067 15.00 + 0.21 26.82 + 0.31 651 + 12
34 encased in Cygo 0.308 + 0.045 15.96 + 0.83 33.15 + 1.61 716 + 56

“Values are an average of three experiments + 1 standard deviation. Not determined since the samples necked into the grip region and slipped from

the grips in all samples measured.

material were found to be lower than that of the nonblends
(Table 2), all are in good agreement with reported values for
PCL.* Refilamentizing the commercial material C also led to a
decrease in Young’s modulus and yield strength. As GPC
analysis showed no polymer degradation occurring during the
processing/printing process (vide supra), a possible explanation
in the differences of materials properties between C,oy and re-
extruded C,y, could be the variation in diameter of the filament
made in-house, leading to heterogeneity in the structure of the
printed objects.

We next prepared multicomponent specimens that highlight
the capabilities of 3DP in contrast with other types of
traditional manufacturing methods, such as injection or
compression molding. A tensile test specimen comprising
discrete regions of photo- and mechano-responsive 35, and
photoresponsive 45, was printed in a single session by using
two extrusion heads, each loaded with one of the filament types.
In this particular dual extrusion technique, the active print head
alternates such that only one head is printing at a time. The test
specimen body was comprised mainly of 4, which was used as
a housing around two surface channels of 3, that spanned the
length of the printed specimen (Figure 4). Upon elongation of

Figure 4. (A) CAD representation of a multicomponent tensile test
specimen, with red stripes indicating the location of the mechano-
responsive filament 34, (specimen body comprised of 4,), (B) test
specimen pre-elongation, (C) test specimen postelongation showing
the mechanochromic response of the 3g, regions, and (D) test
specimen postelongation after 365 nm UV irradiation showing
activation of both the 3y, and 4, regions. Scale bars = 20 mm.

the sample, only the regions containing 3, were activated,
signifying the spatio-control over the material’s response to
external force. Notably, the spiropyran moieties in both
materials were still susceptible to UV-triggered isomerization
and confirmation of spiropyran content throughout the
materials was confirmed upon illumination with 365 nm light

from a hand-held UV lamp.
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We next considered a system in which the chromic response
could be selectively activated with mechanical impetus. Absent
the electron-withdrawing nitro functionality, the photosta-
tionary state of UV-irradiated spiropyrans contains a negligible
amount of the corresponding merocyanine isomer, and thus, no
photochromism is observed. "™ However, we found that
application of stress across the Cy,,—O bond still resulted in
mechanochromism in this spiropyran. To demonstrate this in a
3D-printed specimen, we prepared a multicomponent specimen
similar to the one depicted in Figure 4, but with a body
composed of 85, (mechano-responsive but not photorespon-
sive), and the surface channels composed of 45, (photo-
responsive but not mechano-responsive; Figure SA). Irradiation

Figure S. (A) Test specimen composed of 85, with stripes of 4, (B)
test specimen after 365 nm UV irradiation showing the photochromic
response of the 4 regions, (C) test specimen under load in the load
frame showing the mechanochromic response of the 8, regions, and
(D) test specimen ca. 30 s after removal of load showing almost
complete loss of the purple color in the 85, regions. Scale bars = S mm.

of the specimen with 365 nm UV radiation only led to
activation of the regions containing 45, (Figure SB). On the
other hand, elongation of the specimen led to activation of the
85, regions but not of the 4, regions (Figure SC), consistent
with the results in Figure 4. Visually detectable activation of
polymer 8 was only readily observed when the polymer was
under load; upon relieving the tension on the specimen, the
purple color rapidly disappeared. For example, within the ca. 30
s required to remove the sample from the grips in the load
frame, nearly all of the purple color had disappeared (Figure
SD). The reactivity of polymer 8 is significant because it
enables the use of these mechanochromic materials in outdoor
applications, whereas polymers 3 and 4, which are both

dx.doi.org/10.1021/am506745m | ACS Appl. Mater. Interfaces 2015, 7, 577—583
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photoresponsive, are rapidly converted to the merocyanine
form in direct sunlight.

We next explored the use of 3DP to prepare objects in which
a center region of mechano-responsive 35, was completely
encased by C,o (Figure 6), a type of structure that would be

-A

ANGLE

SIDE

Figure 6. (A) CAD representations of the tensile test specimen in
which the mechano-responsive region is encased by nonmechano-
responsive filament, (B) test specimen in which 3 is encased by Cy,
(the vertical lines on the specimen indicate the position of the load
frame clamps), (C) test specimen postelongation showing the
mechanochromism of the 3, region, and (D) elongated and cut
specimen showing the encased filament. Scale bars = 10 mm.

difficult (if not impossible) to prepare in a single operation via
most other manufacturing techniques. Using the dual extrusion
method, the target configuration was printed in a single session
and then subjected to elongation as before. The 3, region was
again activated and the color change was visible from the
exterior of the material. The mechanical properties of this
specimen design were similar to the specimens comprised
solely of C (Table 2), indicating that the stimuli-responsive
properties of 35, can be imparted to larger prints without
affecting the bulk properties of the material. Using the same
print code and replacing C with control filament 4, as the
exterior material resulted in a sample in which the 34, region
was not visible prior to elongation (Figure 7). Upon tensile
testing, the mechano-responsive core became clearly distin-
guishable from the encasing filament.

Prototype force sensors were developed to demonstrate the
potential engineering applications that can be accessed by
integrating mechano-responsive polymers and 3DP technology.
An asymmetric tensile test specimen was prepared with
multiple embedded regions of 3, spaced evenly within the
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Figure 7. (A) Tensile test specimen in which 3, is encased by 4, (B)
test specimen postelongation showing the mechanochromism of the
35 region, and (C) elongated and cut specimen showing the encased
filament. Scale bars = 10 mm.

gauge section (Figure 8). Initial testing of dog bones with
constant cross section produced force—extension curves that

Figure 8. (A) 1 mm thick force sensor before elongation, and (B)
postelongation. The white arrows indicate the direction of necking.
Scale bars = 10 mm.

were flat between initial necking and eventual strain hardening
(Figure S2, Supporting Information). This led us to pursue an
asymmetric dog bone with a variable cross section. Introducing
a section width that varies linearly with displacement along the
axis of symmetry resulted in a relationship between the
extension and the force required to draw the material that is
linear over a broad domain of extension. By controlling the
initial location and direction in which the material necks, the
design ensures sequential and predictable activation of each

dx.doi.org/10.1021/am506745m | ACS Appl. Mater. Interfaces 2015, 7, 577—583
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mechano-responsive region (Figure S3, Supporting Informa-
tion). The onset of activation of each region is directly related
to a specific force that was applied to the specimen (Figure 9).
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Figure 9. (A) Representative plots of tensile extension vs load for
force sensors of ca. (green O) 1, (red O) 4, and (blue O) 7 mm
thickness. The markers indicate the onset of the activation of each
mechano-responsive region (average of three runs). Error bars
represent + 1 standard deviation. (B) CAD representation of each
of the force sensors.

By simply counting the number of activated regions, the
amount of peak force applied to the material could be quickly
estimated with no additional characterization or analysis. Good
reproducibility of the force required to activate each region in
the sensor is highlighted by the small standard deviations
obtained after three test runs (Table S1, Supporting
Information).

One advantage of using 3DP to prepare prototypes and end-
user products is the ability to quickly modify and optimize
designs for a given application. To demonstrate the ease with
which this can be accomplished, we modified the thickness of
our force sensor to expand the range of detectable loads. By
simply changing the thickness dimension in our CAD design,
we could quickly print different variations of the sensor without
any additional tooling. In contrast, a similar process via
injection molding would require preparation of a new mold for
each design. By changing the thickness of the specimens,
different dynamic ranges were able to be accessed. Specifically,
increasing the specimen thickness from 1 to 7 mm led to nearly
an order of magnitude increase in the forces detectable by the
sensor. Furthermore, the number, shape, spacing, and
composition of mechano-responsive regions could also be
customized based on the needs of the application. Obtaining
this level of customizability would be extremely difficult without
using 3DP technologies.

Bl CONCLUSION

In summary, we have demonstrated the successful 3DP of a
variety of stimuli-responsive polymers and the development of
a new spiropyran mechanophore that exhibits selectivity toward
mechanical activation by not exhibiting a photochromic
response to either natural sunlight or 365 nm UV irradiation.
The basic mechanical properties of the different structures
prepared with various filament formulations showed some
variation, but were within the range of reported values for PCL.
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The use of 3DP enabled rapid production of multicomponent
materials such as encased mechano-responsive materials within
commercial or control polymers. These materials would
generally be difficult or impossible to prepare with other
manufacturing techniques. Additionally, rapid modification of a
prototype force sensor was demonstrated to show its tunability
and the advantages of using 3DP. These demonstrations were
borne through the integration of mechano-responsive polymer
technology and the unique features of 3DP. The ability to
produce these materials using consumer level equipment is
expected to facilitate adoption, use, and exploration by a wide
audience.
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