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Microfluidic Thermally Activated Materials for Rapid

Control of Macroscopic Compliance

Aditya Balasubramanian, Mike Standish, and Christopher J. Bettinger*

Macroscopic structures that can undergo rapid and reversible stiffness
transitions can serve as functional polymeric materials for many applications
in robotics and medical devices. Thermomechanical phase transitions can
provide a suitable mechanism for transient control of mechanical proper-
ties. However, the characteristic time scale for actuation is large and dictated
by the dimensions of the structure. Embedding vascular networks within
bulk polymers can reduce the characteristic length scale of the material and
permit rapid and reversible thermomechanical transitions. Here, perfus-
able bulk materials with embedded microvascular networks are reported
that can undergo rapid and reversible stiffness transitions. Acrylate-based
thermoplastic structures exhibit storage moduli with a dynamic range
between E’ = 1.02 £ 0.07 GPa and E’ = 13.5 £+ 0.7 MPa over time scales as
small as 2.4 + 0.5 s using an aqueous thermal perfusate. The spatiotem-
poral evolutions of temperature profiles are accurately predicted using finite
element simulations and compared to experimental values. Rigid-compliant

neural implants for brain-machine inter-
faces? and robotics.B] Hydrogen-bonded
hygroscopic polymeric networks with
elastic modulus E = 540 £ 32.1 GPa can be
converted into ultra-compliant networks
with E = 4.58 £ 0.404 MPa upon hydra-
tion.M Structures that can undergo rapid
reversible transformations in mechanical
properties could be useful in a number
of applications related to medical devices
and soft robotics. Microvascular networks
fabricated using polymers with moderate
glass transition temperatures (T,) serve
as a central strategy in the design and
fabrication of materials that can undergo
rapid and reversible rigid-compliant tran-
sitions in mechanical properties. Vascular
networks  facilitate  thermoregulation,
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transitions are leveraged in a demonstration in which a microvascularized
device is used to grasp an external object without the aid of moving parts.

1. Introduction

Natural organisms utilize highly specialized microstructures
that permit rapid control of mechanical properties of biological
materials. Rigid-compliant transitions serve many functions
including protection from predators and actuation of struc-
tural components. Sea cucumbers (Cucumaria frondosa) utilize
rapid reversible collagen linking to control the rigidity of the
endoskeleton.!!l There are also many examples of synthetic
materials and devices that utilize similar mechanisms including
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nutrient distribution, healing, and actua-
tion of tissue structures in higher order
organisms.>® Vascular networks reduce
the characteristic diffusion length scale
and facilitate mass transfer within bulk
volumes. Vascularization using microfluidic channels has been
utilized in various synthetic materials including cell-seeded
microfluidic scaffolds, gas exchange units, self-healing poly-
mers, deformable electronics, and actuation of functionality in
soft materials.l”® The ideal phase-change material would be
capable of achieving rigid-compliant transformations that are
rapid, reversible, occur at moderate temperatures, and achieve
a dynamic range of elasticities that spans at least one order of
magnitude. Polymeric materials that are impermeable to water
and exhibit moderate glass transition temperatures (30 °C <
T, < 60 °C) are ideally suited for these applications.*3 Cost-
effective polymers that are amenable to facile fabrication pro-
cesses such as 3D printing are also desirable.?*2°] This report
describes the use of bulk materials that can undergo rapid and
reversible transitions in mechanical properties. This capability
is achieved by integrating embedded microfluidic networks
within bulk polymers (Figure 1) using 3D printing.

2. Results and Discussion

3D printing was selected as the fabrication method to produce
thermoplastic polymers into microfluidic thermally activated
materials. 3D printing is a generalizable fabrication technique
that can process numerous polymers into complex geom-
etries.3% Acrylate-based thermoplastic polymer (ATPP) was
selected as the thermally activated material for use in reversible
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Figure 1. Schematic of the general strategy used to accelerate stiffness
transitions in thermoplastic structures. Utilizing a vascularized material
design in bulk thermoplastics decreases the characteristic length scale
of the material. This reduction leads to accelerated heat transfer and
stiffness transitions when compared to monolithic thermoplastics.
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modulation of rigid-compliant mechanical properties because it
exhibits a T, of 43 °C as measured by differential scanning calo-
rimetry (DSC) and a softening temperature of 60 °C as meas-
ured by the phase angle (tan §) (Figure 2, see Experimental
Section). Complete glass-rubber transitions occur between
30 and 80 °C. The storage modulus spans nearly two orders of
magnitude in this temperature range (E'y = 1.02 + 0.07 GPa at
T=30°C; E',=13.5 + 0.7 MPa at T = 80 °C) (Figure 2). ATPP
is the optimal polymeric composition because of the sharp ther-
momechanical transitions that are centered about moderate
temperatures (Figure S1). ATPP is cost-effective and amenable
to 3D printing of bulk structures.

3D printed materials exhibit an intrinsic microstructural ani-
sotropy due to the nature of the fabrication process. Layer-by-
layer UV curing generates laminated multilayers of ATPP. The
in-plane thermal conductivity (K,,, K,,) is expected to be larger
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Figure 2. Thermomechanical properties of ATPP used in microfluidic
thermally activated materials. Plots of the storage modulus (E’), loss
modulus (E”), and tan & of ATPP versus temperature from 10 to 100 °C
indicate a softening temperature at T; ~ 60 °C.
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Figure 3. Plots of the total thermal resistance of ATPP versus height-area
ratio of coupon geometries are shown. The thermal resistance is meas-
ured in ATPP samples with printing directions that are either oriented (a)
orthogonal or (b) parallel to the direction of thermal conduction. These
data are used to calculate the anisotropic thermal conductivities K, K,
and K, of ATPP.

compared to the transverse thermal conductivity (K,,). The
terms in the thermal conductivity matrix were measured to be
K=Ky =0.12£0.01 Wm™ K" and K,,=0.093 £ 0.01 W m™ K!
(Figure 3). Anisotropy arises due to microscale defects between
the ATPP layers along the z-axis.

ATPP test structures with prescribed feature geometries
were designed and fabricated. ATPP test structures were com-
posed of rectangular microfluidic arrays with defined nominal
cross-sectional areas (W = H = 500 pm) and inter-channel dis-
tances (d) where d = 500 (T'S500), 1000 (T'S1000), or 1500 pm
(TS1500) (Table S1). The cross-sectional geometry of the micro-
fluidic networks in test structures shows that the actual fea-
ture sizes are smaller than the nominal feature sizes due to
reduced microchannel widths (Figure 4). Test structures with
microchannel geometries are fabricated in low yields due to
difficulty in removing non-crosslinked resin support material.
Integrating microfluidic networks within ATPP does not sig-
nificantly alter the temperature-dependent values of bulk E’ as
measured by dynamic mechanical analysis (DMA) from 10 to
100 °C (Figure S3). Experimental and predicted temporal tem-
perature profiles for microfluidic ATPP networks under aqueous
thermal perfusate (T, = 80 °C) are plotted in Figure 5. The
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Figure 4. Schematics of microfluidic test structures used in this work.
Scanning electron micrographs of the cross-section of each device indi-
cate the relevant feature dimensions. Scale bars indicate 500 pm.

spatiotemporal evolution of surface temperatures was meas-
ured at two external locations: (1) the region directly above the
centerline of microfluidic channels (I,.c(t)); (2) the midplane
of the ATPP structures between two adjacent microchannels

s
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(Lar1c(t)). The rate of increase during thermal perfusion for
both T, c(t) and T,.ic(t) increases as d is reduced. The time
for complete modulus switching (ts) in glassy-rubbery transi-
tions in ATPP occurs when T, ;c(tss) = 65 °C. The shortest and
longest switching times were achieved for TS500 and TS1500,
respectively.

Microfluidic test structures accelerate phase transition
kinetics by reducing the characteristic thermal diffusion length
scale (A). Parallel microfluidic arrays pose significant opera-
tional limitations that arise due to large pressure drops due to
microchannel geometries. One half of the fluid velocity head
is lost (K = 0.5) as the fluid enters the microfluidic manifold
due to dissipation of kinetic energy.’!l High-aspect ratio linear
microchannels are challenging to fabricate with layer-by-layer
rapid prototyping techniques such as 3D printing. Alterna-
tive geometries were designed to further reduce the time scale
for glass-rubber phase transitions while increasing maximum
achievable perfusion rates and fabrication yield. Microfluidic
manifolds composed of alternating arrays of microscale struts
(Figure 6; Figure S4) were fabricated using 3D printing. This
cellular microlattice geometry (referred to as Microlat) pre-
serves structural integrity while reducing the effective volume
fraction of bulk material (¢) within the microfluidic network.*
The advantages of cellular microlattice geometries in metals
for cooling and heat dissipation applications have been well
documented.?334 Microstrut arrays reduce the characteristic
length scale for thermal diffusion while permitting a higher
flow rate through the macroscopic structure due to a reduced
volume fraction of polymer (@uoiy.psicrorat < Ppoly-rs) (Figure S5).
Microstrut arrays also reduce the pressure drop at the entrance
compared to microchannel array geometries. ATPP MicroLat
structures exhibit reduced extensive values of storage modulus
E’ compared to test structures with microfluidic arrays as meas-
ured by DMA (Figure 6; Table S2). The dynamic range of storage
moduli associated with rigid-compliant transitions is reduced
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Figure 5. A comparison of the experimental and predicted temperature profiles of microfluidic thermally activated materials perfused with media at
80 °C (n = 3). Temperatures are measured on the surface of test structures directly (a) above the centerline above microfluidic channels (T.c) or
(b) above the centerline between adjacent microfluidic channels (T,..c). Insets show the cooling kinetics at ambient temperature after 120 s of thermal
perfusion. The temporal surface evolution kinetics of the devices accelerates as the effective thermal diffusion length scale A decreases. The fit between
experimental and predicted external temperatures varies inversely with the characteristic thermal diffusion length scale (see text).
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Figure 6. a) (i) Schematic and (ii) micrograph of cross-section of MicroLat structure. Scale bar indicates 500 pm. b) Thermomechanical properties
of both bulk and MicroLat structures composed of ATPP. c) Experimental and predicted temporal evolution of external temperatures of MicroLat
structures (n = 3) measured using thermal media at 80 °C. Insets indicate cooling kinetics at ambient temperature after 120 s of thermal perfusion.

in MicroLat geometries compared to bulk test structures due to
a reduced volume fraction of ATPP in the former: @yoiy.microrat <
Bpoly-5 < Ppoly-bulk- Reduced extensive values of E'gye and E'rypper
in MicroLat geometries were higher than predicted values due
to the presence of the encapsulation layer, which is required to
permit thermal perfusate delivery (Table S2; Figure S4).3°-3]
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Figure 7. a) Comparison of switching times (tgs5) for microfluidic and
MicroLat structures. b) Thermal images at t =1, 10, and 60 s for micro-
fluidic test structures and MicrolLat geometries.
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In most open cellular solids such as foams, the deflection
mechanism consists of flexion of cellular networks as well as
extension/compression of the cellular material.l®® MicroLat
geometries exhibit two types of defects within the strut: edge
defects and incomplete lamination. These defects arise due to
the accuracy restriction during 3D printing. The printer used in
this study exhibits a typical accuracy of 20-85 pm in x, y and z
printing directions (Table S3), which can result in lateral offsets
and incomplete lamination between successive layers.

The temporal evolution of external temperature profiles for
MicroLat geometries actuated using aqueous thermal perfusate
(T, = 80 °C) is shown (Figure 6¢). Microfabricated MicroLat
geometries exhibit accelerated glass-rubber phase transitions
as assessed by reduced values of g5 \icrorat = 2.4 £ 0.5 s com-
pared to tgs 15500 = 3.6 = 1 s (Figure 7). This can be attributed to
a reduced Apigorar compared to Argsgp and increased flow rates
of thermal perfusate. The characteristic time scale for thermo-
mechanical phase transitions are governed by the diameter
of the struts in MicroLat microstructures. Reducing the strut
diameter will accelerate stiffness transitions during perfusion.
Currently available 3D printing techniques can produce struc-
tures with minimum feature sizes of 10 pm or smaller,?® albeit
with increased fabrication time. Minimum feature sizes of
approximately 100 pm could serve as a balance to achieve rapid
phase transitions in centimeter-scale devices. These bounds
will expand with increased sophistication of 3D printing tech-
nology. 3D printing can make arbitrarily complex structures
very rapidly. This aspect renders 3D printing advantageous
when designing structures with embedded vascular networks.

Finite element models (FEM) predict the surface
temperatures with accuracies that are both geometry- and
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location-dependent. FEM accurately predict the surface steady
state temperature profiles (T.c (t = [inf]) and T, c(t = [inf]))
for all geometries but underestimate the rate at which surface
temperatures approach T...c (t = [inf]) and T.ic(t = [inf])
(Figure 5). This underestimation results in the overestimation
of ts5 times for all geometries. The extent of overestimation is
proportional to A (Figure S6). Microstructural defects along the
x-y plane contribute to the systemic error because of increased
perfusate penetration through defect networks compared to the
z-direction, thereby decreasing the effective A.

Macroscopic structures capable of rapid reversible rigid-
compliant transitions could have applications as dynamic struc-
tural components in medical devices and soft robotics.?%#2
The utility of rapid actuation of mechanical properties was
demonstrated by actuating a macroscopic gripper without the
aid of moving parts using isothermal perfusate. The device
features three arms composed of Microlat unit structures
that are joined with fluidic connectors. The initial tempera-
ture of the ATPP in the gripper (T, < 25 °C) ensures that
the device components are glassy and rigid (E'gs ~ 250 MPa)
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Figure 8. Microfluidic thermally activated materials can be assembled
into a gripping device that can be actuated using thermal perfusion.
Rapid rigid-compliant transitions can be used to grip objects without
direct mechanical actuation. Four phases of device operation are shown:
(1) Pre-grip phase (Tgy, < 25 °C) with rigid structures; (2) deformation
(Tgip > 65 °C) in which the compliant structures ensconce an object;

gnp

(3) integration (T, < 65 °C) in which the rigid structures secure the
object; (4) manipulation (g, < 25 °C) in which the rigid gripper elevates

the object. Scale bar indicates 2 cm.
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(Figure 8). Introduction of thermal perfusate (T, = 80 °C)
induces mechanical compliance at Tg; > 65 °C (E'mpper
~20 MPa). Transiently compliant grippers ensconce the spher-
ical object after which the ATPP material is restored to a glassy
state (T, <25 °C). Manual manipulation of the object is pos-
sible thereafter. Reversible manipulation can be accelerated by
integrating complementary cellular networks that can be selec-
tively addressed with binary thermal perfusates (T, ,,, = 80 °C;
Toeola = 20 °C). Complex manifold topologies could enable
simultaneous spatially-defined rigid or compliant microdo-
mains within the device superstructure.

The general mechanism described herein could be useful
for soft robotics in which structures can be manipulated in
temporary states of mechanical compliance and remain static
in the rigid state thereafter.*3] Other applications in robotics
include reversible mechanical compliance in exoskeletons
to permit egress through tortuous paths and dimensionally
small orifices.** Rigid-compliant transitions induced by
aqueous perfusates could be suitable for controlling surgical
instruments such as those used in endovascular and gastro-
intestinal procedures. Programmable and segmented con-
trol of mechanical properties along the z-axis of cylindrical
device geometries could permit device deployment through
obstructions while reducing risk of damage and perforation
of soft tissue structures. For example in endoscopy,*! it has
been observed that tissue perforations occur when forces
> 54 N is applied to the colon wall. Commercially available
endoscope cores consist of stainless steel or NiTinol which
have a bulk material modulus of ~100 GPa.l*®l Endoscopes
with such cores have increased risk of causing perforations
due to large forces applied on the tissue while negotiating
tortuosity. Materials with modulus ranges from 20 MPa to
1 GPa would reduce potentially damaging mechanical insults
on soft tissue structures while retaining structural integrity
for surgical manipulation. Endovascular device applications
are particularly suitable because of the potential ability to
create high aspect ratio devices with millimetric features. The
prospect for these envisioned applications and beyond will
expand as the feature resolution, material capabilities, and
parallelization of rapid prototyping techniques continues to
advance.[*’]

3. Conclusion

Integrating microfluidic networks within macroscopic form
factors composed of thermoplastic polymers permits rapid
control of mechanical properties through accelerated glass-
rubber phase transitions. This concept was demonstrated using
accelerated thermomechanical phase transitions in polymeric
microstructures fabricated by 3D printing. Microfluidic ther-
moplastic structures heated using aqueous perfusates achieve
modulus switching times as small as 2.4 + 0.5 s. The application
of such dynamic switchable structures was demonstrated by the
actuation of a macroscopic gripper composed of microfluidic
thermoplastic structures to grasp objects without the need for
movable parts. Vascularized macroscopic materials with rap-
idly controllable rigid-compliant mechanical properties have
potential applications in robotics and medical surgical devices.

Adv. Funct. Mater. 2014, 24, 4860-4866
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Further decreasing the time scales for modulus transition
might be desirable in applications where the switching time
is a critical figure of merit. One strategy to further reduce the
switching times would be by incorporating thermoplastics with
T, closer to ambient temperatures (T, ~ 30 °C). Switching times
can also be reduced by the incorporation of thermally conduc-
tive additives in thermoplastic polymers to increase the overall
thermal conductivity. Such strategies can be readily imple-
mented due to the facile and versatile nature of the 3D printing
fabrication process.

4. Experimental Section

Polymer Fabrication and Physical Property Characterization: Bulk
films and microfabricated structures were designed using Solidworks
(Version 2012, Dassault Systémes SolidWorks Corp, Waltham, MA,
USA) and fabricated using an Object Connex 350 3D printer (Stratasys,
Eden Prairie, MN, USA). The composition of the material was Object
VerowhitePlus, a proprietary acrylate-based photo-crosslinkable resin
(Stratasys, Eden Prairie, MN, USA) with a density p=1.17 gcm™ and a
hardness of 73-76 on the Rockwell M scale (Table S3). Post-processing
of constructs consisted of the following steps: mechanical removal of
bulk support material; sonication in 3% (w/w) NaOH solution (Sigma-
Aldrich, Milwaukee, WI, USA) for 7.5 h; and washing in ddH,0. Feature
dimensions were measured from scanning electron micrographs (Philips
XL-30 FEG, FEI, Hillsboro, OR, USA). Samples were coated with 4 nm
layer of platinum before imaging (Emtech K575X, Quorum Technologies,
Guelph, ON, Canada).

Thermal Property Characterization: The thermal conductivity of
ATPP was characterized by DSC.[* Briefly, ATPP coupons with known
geometries were prepared using 3D printing. Cylindrical test structures
(D = 3.7, H varying from 0.52 to 2.3 mm) were printed, polished using
a 1200 grade paper, and placed directly on the heating stage of the
calorimeter with an empty reference chamber (Q-20, TA instruments,
New England, DE, USA). Indium discs (D = 3.7 mm, H = 0.50 mm)
were placed on the apical surface of ATPP samples. Sample (n = 10) and
reference chambers were heated from 120 °C to 190 °C at a heating rate
of 1%°C min~". The extrinsic thermal resistance R vs. height-area ratio
rah=7: | was plotted to extract the anisotropic thermal conductivities of
ATPP (Kq K, and K;). The T, and the heat capacity C, of ATPP were
calculated using the DSC at a heating rate of 5 °C min~'. The mass
density p of ATPP was measured using a pycnometer (25 ml nominal
volume, Kimble Chase, Vineland, NJ, USA).

Thermomechanical ~ Characterization of Microfabricated ~Networks:
ATPP was fabricated into microfluidic array test structures with several
geometries (Table S1). The thermomechanical properties of test
structures were measured using DMA with a 10 mm 3-point bending
setup with a minimum nominal pre-stress of 0.5 N (RSA-G2, TA
instruments, New England, DE, USA). Samples were strained to 0.05%
at a frequency of T Hz from 0 °C to 100 °C with a soak time of 20 s.

ATPP test structures were perfused using aqueous solutions at
prescribed temperatures using a water bath (9501, Fischer Scientific,
Pittsburgh, PA, USA) at a nominal flow rate of 0.17 £0.03 mL s™" channel™
(Table S1). The nominal flow rate in MicroLat geometries was
2.3 + 03 mL s'. External spatiotemporal temperature profiles of
perfused ATPP networks were measured using near-IR imaging
(IRXP-5000, SPi infrared, Las Vegas, NV, USA).

Macroscopic Gripper Demonstration: Individual components for the
gripper device were printed and assembled using epoxy to create water-
tight component connections. Macroscopic grippers were perfused
with water (T, = 80 °C) for 10 s prior to encapsulating a spherical test
load (mass = 9.3 g). The gripper equilibrated to room temperature
prior to manual lifting tests. Two negative controls were performed:
(i) no water perfusion; (ii) water perfusion followed by immediate object
manipulation (Figure S9). Device manipulations were recorded using
digital video (Pro Webcam €910, Logitech, Fremont, CA, USA).

Adv. Funct. Mater. 2014, 24, 48604866
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Finite Element Modeling: Temperature profiles within ATPP structures
were predicted using finite element modeling (COMSOL Multiphysics,
Version 4.2.0.150, Burlington, MA, USA) (See Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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