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In this paper, we describe how to create simple fluidic systems incorporating soft polymer
actuator valves, that can provide highly precise control of flow rates in fluidic channels as an
example of a 4D-materials based platform. The particular approach we describe employs
photoresponsive gels that swell/contract via a light stimulus, enabling flow behavior to be
controlled from outside the fluidic platform in a completely remote and non-contact
manner. An improved synthesis of the spiropyran molecular photoswitch that delivers
high yields (77%) using scalable green chemistry is described, along with details on how to
build the valve structures in custom designed sites within the fluidic system. Fabrication of
a demonstrator fluidic system incorporating up to four valves is described, along with
electronics and in-house developed PID control software for achieving precise control of
flow in the channels using LEDs. The resulting system demonstrates an innovative
approach to microfluidics that offers scalability in terms of the number of polymer
actuators along with wide variability of actuator form and function.
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INTRODUCTION

Society is set to be transformed by the impact of breakthroughs emerging from fundamental
materials science and engineering. We are on the cusp of a profound change in our ability to create
devices with performance characteristics far beyond that of existing technologies that will affect all
aspects of our lives—from personal health, to agriculture and food production, to protecting the
status of our environment, to energy generation/storage and efficient use, to everyday products. At
the heart of this change is the ability to fabricate 3D structures at scales from nano to macro, coupled
with the impact of stimuli-responsive materials that provide the fourth-dimension effect, i.e., time-
based changes in 3D order due to the influence of localized stimuli. The incorporation of stimuli-
responsive behavior into 3D materials will open multiple opportunities to develop next generation
technologies across these broad application domains, particularly when the response can bemanaged
through feedback loops. We are particularly interested in the application of these ideas in
microfluidic platforms, as this could open the way to significant advances in an array to
technologies allied with 3D tissue and organ engineering, new approaches to in-situ molecular
sensing (biosensors, chemical sensors) for personal health and environmental monitoring, and new
concepts in drug delivery.

In this paper, we present a complete methodology for preparing a simple multichannel fluidic
platform in which the flow behavior can be precisely controlled from outside using light through the
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incorporation of photoresponsive soft-gel actuators based on
spiropyrans. Spiropyrans are a unique class of organic
molecules well-known for their striking photochromic
behavior (Klajn, 2014) due to reversible first order
photoinduced structural isomerization between closed
spiropyran (SP) and open merocyanine forms (MC) (Keum
et al., 1994; Minkin, 2004; Seefeldt et al., 2010; Xia et al.,
2017). The molecular transformation can be triggered by
various stimuli including temperature (Fischer and Hirshberg
1952), solvent polarity (Rosario et al., 2002), mechanical force
(Lee et al., 2013; Vidaysky et al., 2019), redox potential (Wagner
et al., 2011), light (Matczyszyn et al., 2015) and pH (Keum et al.,
1994). This switchable behavior has been explored for a wide
range of applications such as data storage (Kawata and Kawata,
2000), photo-responsive materials (Sun et al., 2016; Li et al., 2016;
Schiphorst et al., 2016; Dou et al., 2017; Campos et al., 2018;
Wang et al., 2019), drug delivery (Kocer et al., 2005; Chen et al.,
2016; Jalani et al., 2016; Karimi et al., 2017), soft robotics (Xie
et al., 2012; Li et al., 2016; Abdollahi et al., 2017), sensors (Byrne
and Diamond 2006; Shao et al., 2010; Zhang et al., 2019a), and
soft actuators (Sugiura et al., 2007; Florea et al., 2012; Ziolkowski
et al., 2013; Czugala et al., 2014; Dunne et al., 2016a; Ziółkowski
et al., 2016; Coleman et al., 2017). Spiropyran incorporated light
responsive hydrogels have been successfully demonstrated to
function as photoresponsive valves in microfluidics (Sugiura
et al., 2009; Schiphorst et al., 2015; Schiphorst et al., 2018).
Hydrogel based actuators and photo-responsive soft-polymer
valves are of particular interest in this respect due to their
inherently biomimetic characteristics, compared to the
commonly used hard-materials based commercial microvalves.
Spiropyran derivatives with appropriate function can be
successfully incorporated to P-NIPAM with a suitable
crosslinker and a photo initiator and photopolymerized in the
desired shape and location in channels to enable flow regulation
using light (Satoh et al., 2011; Delaney et al., 2017).

While the concept and platform may appear relatively simple,
producing and validating these ideas in a typical research group is
far from easy, as it requires the involvement of a team of
researchers whose expertize ranges from synthetic chemistry,
through 3D printing, microfluidics, photonics, stimuli-
responsive soft materials, and computer coding. Mobilizing
this breadth of expertize in a coherent effort is challenging but
essential if the tremendous potential of this change is to be
realized. Those who can assemble this expertize in breadth
and depth will lead the way forward for others to follow. It is
our hope that this paper will inspire other groups to travel along
this very exciting pathway.

MATERIALS AND METHODS

Overall Strategy
Making a fluidic platform in which the flow is controlled by light
requires a number of contributions to be individually created, and
subsequently combined in an appropriate manner to produce the
complete functional demonstrator. These contributions can be
summarized as follows;

• Synthesis of the molecular photoswitch (based on
spiropyrans) that will convey photoresponsive behavior
to the gel actuator. In this paper, we present a
significantly improved synthetic route consistent with the
principles of green chemistry while also capable of scale-up.

• Production of the fluidic system, and consequent
incorporation of the gel actuators into channels using
in-situ photopolymerisation.

• Production of a platform for directing light efficiently to the
actuator locations to enable effective in-situ
photopolymerization of the valve structures and their
subsequent switching for effecting flow control.

• Implementing a control system based on real-time
measurement of the control parameter (flow) while
varying the intensity of the control stimulus (light)
according to a feedback algorithm (e.g., PID control)
which enables a set flow rate to be reached quickly and
maintained accurately.

Creation of even relatively simple demonstration platforms
requires knowledge ranging across synthetic chemistry, materials
chemistry, materials engineering, optics and electronics,
programming and analytical chemistry. While this was
challenging in the past, it is becoming more accessible to
research groups due to the increasingly multidisciplinary
character of modern research, and this trend is certain to
strengthen into the future. In the following sections, we
provide more detailed context for these contributions that
together can provide the foundation for many emerging ideas
and concepts with very broad impact potential.

Photoswitch Molecular Design
Considerations and Synthesis
As the molecular photoswitch used to impart the photoswitchable
behavior to the gel is not available commercially, it must be
synthesized. The synthetic route for producing the photoswitch
must be scalable, based on readily available, low-cost precursors,
and consistent with the principles of green chemistry. Herein, we
present a new optimized synthetic method for the synthesis of
spiropyran in gram quantities that meets these requirements and
can be used for the production of relatively large quantities of
photoresponsive soft gels at low cost. Spiropyran (SP) with hexyl
acrylate on the SP ring (SP-8-hexyl acrylate, Figures 1A, 2)
exhibits efficient photo switching while covalently incorporated
within a p-NIPAM hydrogel, particularly when substituted at the
8’ position (Dunne et al., 2016b). The length of the alkyl chain
spacer appears to play a significant role in providing effective
reversible gel expansion and contraction. N-hexyl linkers provide
an optimum greater degree of conformational flexibility within
the polymeric hydrogel which facilitates the molecular
rearrangement during isomerization (Klajn 2014; Chen et al.,
2016). Furthermore, the photo switching behavior appears
unaffected by the polymerization conditions commonly used
to create these gels, which is a critical consideration for
creating effective actuators (Delaney et al., 2017). Furthermore,
the absence of a nitro group para to the pyran oxygen means that
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under acidic conditions, the equilibrium (Figure 1B) will
spontaneously favor formation of the protonated merocyanine,
and the hydrogel will naturally assume the expanded (valve
closed) form in the absence of light. The rapid spontaneous
reversion to the protonated merocyanine is additionally
attractive as it can speed up the kinetics of gel reswelling,
which tends to be significantly slower than contraction. The
reswelling process depends on both the photoswitch kinetics
(often rate determining for the overall reswelling process), the
hydrogel composition and the nature of diffusion. With this
particular derivative, the formation of the protonated

merocyanine is very fast, to the extent that it is no longer rate
determining for reswelling (Schiphorst et al., 2015), which is a
significant advantage for our purposes. Upon illumination (in this
case with a 450 nm LED), the equilibrium shifts to favor the
uncharged spiropyran, which triggers gel contraction and valve
opening. This has the added advantage for our purposes in the
only one LED is required to control the valve status.

The synthetic method involves synthesis of SP in three-steps
from commercially available 6-bromohexanol. Each step of the
synthesis was optimized in terms of solvent, reaction time,
catalyst and base, to produce precursors SP-8-OH 1),

FIGURE 1 | (A) Synthesis of SP-8-OH 1); 6-Bromo hexyl acrylate 2) and SP 3); (B) In the absence of light, the protonated merocyanine isomer is predominant
(MCH+, charged, yellow) and the gel is hydrated and expanded. Illumination with the 450 nm LED triggers switching to the spiropyran isomer (SP, uncharged colourless)
and the gel contracts as water is expelled. When the LED is switched off, the SP isomer is spontaneously reformed, and the gel reverts to the expanded form. See also
Supplementary Video S1.
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6-bromohexyl acrylate 2) and SP 3), Figure 1A. Precursors SP-8-
OH and 6-bromohexyl acrylate were obtained in 85%/94% yields,
respectively, and the desired SP in 77%. Themost commonmethod
for the synthesis of spiropyran derivatives involves condensation of
indoline or 2-methyl indolium salt with the corresponding
salicylaldehyde in alcohol, basic alcohol and ketonic solvents
(Lukyanov and Lukyanova 2005; Balmond et al., 2016; Ozhogin
et al., 2019). SP-8-OH was previously prepared in moderate yields
by condensation of indoline/2-methylindolium salt with 2,3-
dihydroxy salicylaldehyde in basic ethanol/acetonitrile (Zhang
et al., 2019b). Bases such as triethylamine and piperidine were
employed to prevent the formation of the di-condensed cyclic
product rather than the desired mono-condensed spiropyran. In
contrast, we employed a novel base-free mechanism to synthesize
SP-8-OH, by reacting 1,3,3-trimethyl-2-methyleneindoline
(Fischer base) with 2,3-di-hydroxy benzaldehyde in ethanol,
Figure 1A.

After 6 h reflux, this afforded SP-8-OH 1) selectively with a
yield of 84% without any side products. Prolonging the reaction
up to 24 h further enhanced the yield of SP-8-OH 1) to 94% after
simple chromatographic purification (due to lower amounts of
impurities), see Table 1.

In the second step, 6-bromohexyl acrylate 2) was synthesized
in 42% yield from 6-bromo hexanol and acryloyl chloride using
triethylamine as a base. Increasing the proportion of base to 1.6eq

and increasing the reaction time to 24 h, enhanced the reaction
and the product was recovered smoothly in 85% yield.

In the final step of the synthesis, SP 3), which is the desired photo-
responsive unit for creating the gel photoactuators, was prepared by
reacting 1 and 2 (Figure 1A) in the presence of potassium carbonate
using potassium iodide as a catalyst, Table 1. Both the catalyst and
base provide optimum basicity in 2-butanone during the substitution
of 6-bromohexyl acrylate with SP-8-OH. Under the initial conditions
(see entry 6, Table 1) SP 3) was produced in 57% yield. Altering the
solvent/catalyst equivalent composition to 1.0 and extending the
reaction time to 52 h afforded SP 3) in an enhanced yield of 77%.
Subsequently, acetone, acetonitrile, THF and methanol were
substituted for 2-butanone, to examine their effect on the synthesis
of SP 3),Table 2. Acetone generated SP in lower yield in comparison
to 2-Butanone, whereas more polar solvents such as acetonitrile and
methanol generated either less SP or no SP (entry 3 and 4 in
Table 2). Lower yields of ca. 20% were obtained when acetonitrile
was employed as a solvent. In contrast, methanol produced indoline,
the starting material of SP-8-OH suggesting decomposition of 1
under the reaction conditions employed (Han and Chen 2011; Tan
et al., 2006; Yagi et al., 2009; Chen et al., 2014).

Higher yields of SP were obtained only in the case of
moderately polar 2-butanone, wherein the base and catalyst
together appear to provide the optimum conditions for the
substitution of 6-bromohexyl acrylate with SP-8-OH to
proceed effectively. To utilize the scope of the developed
synthetic method, we further developed the methodology to
synthesize SP in larger gram scales. Each step of the synthesis
outlined in Figure 1A, was carried out easily in larger scale to

FIGURE 2 | Images showing (A): Off-centred surface mount LED. Comparison of light dispersion using the SM LED 1.75 × 1.0 mm elliptical photomask and (B):
one-layer PMMA diffuser, (C): two-layer PMMA diffuser and (D): three-layer PMMA diffuser.

TABLE 1 | Optimized reaction conditions for 1–3, Figure 1A.

Entry Solvents Base Catalyst/eq. Temp°C/Time (h) Yield (%)

SP-OH (1)
1 Ethanol - - 78°C/6 h 84
2 Ethanol - - 78°C/24 h 94

6-Bromohexyl acrylate (2)
3 DCM Et3N - 0°−18°C/0–17 h 42
4 DCM Et3N - 0°–18°C/0–24 h 85

SP (3)
5 2-Butanone K2CO3 KI (0.1) 80°C/15 h 55
6 2-Butanone K2CO3 KI (1.0) 80°C/52 h 77

Bold values refers to the three reaction steps in Figure 1A, indicated in parentheses after
SP-OH (1); 6-bromohexyl acrylate (2) and SP (3), and in the yields, Figure 1A.

TABLE 2 | Effect of solvent on the synthesis of SP (3), Figure 1A.

Entry Solvents Base Catalyst/
eq.

Temperature
(°C)

Time
(h)

Yield
(%)a

1 Acetone K2CO3 KI (1) 56 52 15
2 THF K2CO3 KI (1) 66 52 b

3 CH3CN K2CO3 KI (1) 82 24 20
4 Methanol K2CO3 KI (1) 64 6 b

aIsolated yield.
bNo product formation, starting materials recovered.
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determine the feasibility of the reaction to produce SP in much
similar yields. This methodology produced SP 3) and precursors
(1–2), in similar yields and coupled with simple chromatographic
purification due to low levels of impurities, gram quantities of
pure SP were easily obtained.

Fabrication of the Photoresponsive
Hydrogel Valve
Gel Cocktail Composition
The monomeric cocktail was prepared using 200 mg NIPAAm,
8.35 mg crosslinker MBIS (3 mol% relative to NIPAAm), 7.91 mg
SP (1 mol% relative to NIPAAm), 7.42 mg photoinitiator PBPO
(1 mol% relative to NIPAAm) and 6.05 μL Acrylic Acid AA
(5 mol% relative to NIPAAm) dissolved in 500 μL 2:1 v/v
THF: DI water.

We compared two techniques to create microfluidic platforms
incorporating the soft polymer valve structures, i.e., laser ablation
[(e.g., Epilog Zing 16)], micro-milling (Datron CAT3D-M6), and
3D Printing (DWS SLA 3D Printer). For laser ablation and micro
milling the fluidic chip design contained four fluidic channels
with an inlet, outlet and an anchor structure for the valve which
were rastered or micro milled into a 2 mm thick PMMA bottom
layer with a similar 2 mm PMMA layer acting as a capping and
sealing layer. These two layers were bonded together using the
thermal bonding procedure outlined by Donohoe et al. (Donohoe
et al., 2019), after which the fluidic connection ports (barbs) were
manually glued in place to accommodate the 1/16” tubing.

Creation of the Photoresponsive Hydrogel Valve
Structures
The monomer cocktail described above was introduced to the
fluidic channel using a syringe. Once the fluidic channel was
filled with the cocktail, the interconnects were sealed to prevent
any movement of liquid. Polymerization was achieved using
blue surface-mounted LEDs (Kingbright HB Blue 450 nm,
600 mW/4.5 lm/1.3 cd, 3.5 V) at 450 nm wavelength and 20%
power for 60 s through a 1.75 × 1.0 mm elliptical photomask
made from 1 mm thick opaque PMMA (55 × 65 mm) with
through-holes of the desired shape and size milled out and
aligned with the LED. This provided optical pathways from the
LEDs to the monomer cocktail aligned with the valve anchor
points in the fluidic channels. Illumination of the monomer
cocktail triggered polymerization of the doughnut-shaped
polymer gel valve structure at the desired locations, with the
opaque PMMA blocking any stray or scattered light. Under the
conditions used, the valve structures are formed in the
contracted (open) state, enabling any remaining
unpolymerized monomer cocktail to be flushed from the
fluidic channels using Milli Q ultrapure water. The
polymerized valves were then hydrated using a pH 5 buffer
as a proton source and allowed to swell to full size before use.
The final composition of the polymer gel is ca. SP 1 mol%,
NIPAAm 91 mol%, AA 5 mol%, MBIS 3 mol%. (Ziółkowski
et al., 2016). In the swollen gel, the photoswitch exists
predominantly in the protonated merocyanine form (MCH+,
charged, yellow), whereas in the contracted gel, the spiropyran

(SP) form is predominant (Figure 1B). Illumination with the
450 nm LED triggers isomerization from MCH + to SP, with
simultaneous contraction of the gel and valve opening. When
the LED is turned off, SP spontaneously reverts to MCH+ and
the valve closes. Note that this means only one LED per valve is
required, as valves will revert to the closed state in the absence of
light. As switching involves protonation/deprotonation, co-
immobilization of AA provides a useful internal proton
source/sink to facilitate this isomerization. As the MBIS
crosslinks the poly-NIPAAm strands, the amount used is a
trade-off between physical robustness and actuation dynamics
of the polymer.

Optical Platform and Electronics
The electronic system layout is shown in Figure 3A. Digital
control of the power to the LEDs was provided via a PCA9685
Pulse Wave Modulation (PWM) controller 1) connected to an
Arduino Uno microcontroller 2). An UART serial connection
between the Arduino and the laptop was used to enable pre-
determined command files to be sent to the PWM. Four
Femtobuck constant current drivers 3) were used to control
the Kingbright 450 nm LEDs which actuate the polymer
valves. To allow for individual control of the polymer valves
each driver was connected to a different output of the PWM
controller. The system was powered by a 12 V adaptor 4).

It is important to appreciate that even marginal misalignment
of the LED, photomask and microfluidic chip can create
significant performance issues in the resulting valves, both
during valve formation, and subsequent valve control (e.g.,
failure to block channels completely, failure to reopen
properly). The electronic housing and LED platform was
therefore designed to facilitate precise alignment of the fluidic
chip with the optical sources (LEDs) using notches in the top-
plate and chip holder for accurate in-situ photo-polymerization
of the valve structures, and subsequent reproducible actuation of
the photo-responsive valve; i.e. the same optical platform is used
to create the polymer valve structures, and for their subsequent
actuation (Figure 3B).

Another important issue is that surface mount (SM) LEDs
commonly produce an off-centre hotspot when illuminated, and
this hotspot results in uneven polymerization of the valve
structure, Figure 2A. To reduce this undesirable effect and
improve the reproducibility of the light after LED alignment,
an LED diffusor was fabricated using up to three pieces of
frosted 2 mm PMMA (55 × 65 mm) placed between the LEDs
and the photomask (Figures 2B–D). The diffuser was found to
disperse the light much more evenly, and effectively removed
the hotspot produced by the bare LEDs resulting in more evenly
polymerized valves with enhanced shape and size accuracy, see
Figure 4.

Controlling Flow Using Light
The proportional, integral, differential (PID) control algorithm is
broadly applied in engineering for optimizing the behavior of a
switching system through variation of respective weighting
constants (KP, KI, KD). When switching between set points, a
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well-optimized system will minimize overshoots/undershoots,
detect and correct for bias, andmaximize the switching dynamics.

PLED � KP(FSP − FM) + KI ∫(FSP − FM)dt + KD(d(FSP − FM)
dt

)
where PLED � LED Power input, KP � Proportional gain (P), KI �
Integral gain (I), KD �Derivative gain (D) and (FSP − FM) � Error
between the set point flow rate (FSP) and the measured flow rate
(FM). We found that excellent flow control could be obtained
using PI control (without the derivative contribution) and
differential control was therefore not implemented throughout
the study (KD � 0). The PI control algorithm works in the
following manner. When the measured flow is much less than
the desired (set point) flow (FM << FSP), the differential factor
dominates the power setting for the LED (PLED). As the LED
power is high, MCH+ is converted to SP and the valve contracts,
increasing the flow. As FM approaches FSP, the LED power
reduces proportionally toward a value that will sustain FSP. If FM
>> FSP, the converse happens in which the LED is predominantly in

the off state, triggering conversion of SP to MCH+, and the valve
expands, reducing the flow toward FSP. The dynamic change in flow
is determined by the value of KP − large values produce fast
responses, but can also produce large overshoots and oscillations
around FSP, rather than a steady, accurate flow. The integral factor
corrects for continuous offsets/drift that can arise between FM and
FSP by integrating the difference over a time interval, and gradually
increasing or decreasing PLED, depending on whether the offset is
negative or positive compared to FSP. The effectiveness depends on
the time interval and the value of KI.

Figure 5 shows the experimental set-up for achieving flow
control. The reservoirs A) were filled with milliQ water to
different heights (500 and 300ml) to create a differential pressure
for driving pulseless flow from the source to the collection reservoir
when the valve was opened. Before connecting the reservoirs to the
liquid input/output connectors, the channel was filledmanually using
a syringe filledwithmilliQwater to remove air. In this case, the height
difference of ∼33mm, produced a head pressure of ∼3.23mbar
which was adequate for the system under study. The use of these
relatively large fluid volumes in the reservoirs also minimized the

FIGURE 3 | (A) Key components in the Electronics Control System, (B) Top plate with notches for alignment of fluidic chip holder. The top plate is attached over the
electronics shown in (A).

FIGURE 4 | (A) Microscope Image of the soft polymer valve within the fluidic chip before LED hot-spot correction and (B) after correction. (A) Valve produced
without accurate LED alignment around the retention pillar is misshapen and cannot fully close; (B) Accurate alignment of the LED coupled with 3-layer diffuser has a
much more regular shape nicely centered around the retention pillar within the valve housing feature; (C) Exposure to UV-light triggers contraction of the valve allowing
flow to occur. The size bar is 1,200 μm.
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impact of changes in head pressure over time due tofluid transfer. For
example, during a typical 24 h experiment, the total volume
transferred was ca. 10ml, and we found this small change in
pressure was easily compensated by the PI control algorithm. The
system functioned as follows. Liquid flow from the source reservoir
A) was monitored continuously using a Fluigent flow sensor B)
connected to a Fluigent electronics unit C). The resulting signal was
passed to the laptop D), where the PID software algorithm compared
the measured flow rate with the set flow rate and varied the control

value for the power setting of the LEDs aligned with the polymer
valves in the flow system E) via the PWM value in the electronics
board F).

RESULTS

In Figure 6, microscope images of the valve anchor structure
fabricated by laser ablation A) and micro milling B) are

FIGURE 5 | Experimental set-up for achieving PID flow control.

FIGURE 6 | Microscope image of the microfluidic channel and valve retention pillar fabricated using laser ablation (A) and micro milling (B), and associated cross
sections obtained using optical profilometry. The micro-milled channels give a much smoother final finish with an average surface roughness in the region of 3–5 µm
compared to 50–150 µm obtained with laser ablation.
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illustrated. Channels produced using laser ablation exhibited
greater channel roughness (in the range 50–150 µm) with
associated uneven topography and swarfing compared to
micro milling (channel roughness in the range 3–5 µm).
Figure 7 shows the results obtained from 24 replicates of
an hour-long switching cycle between 0 and 15 µL/min, in
5 µL/min increments. Each flow rate was maintained for a 10-
min period including the response time of the valve. For the
0 µL/min flow rate condition (valve fully swollen), the

proportional (KP) and integral gain (KI) values were set to 0
to ensure that the LEDs remained fully off. During
experiments, it was found that excellent results could be
obtained with KP set in the range 5.0–8.0 and KI

maintained at a value of 0.1.
Table 3 summarizes the precision and accuracy of the flow

control over the course of the 24 h experiment. Interestingly, in
absolute terms, these are relatively independent of the actual flow

FIGURE 7 | (A) 24 h Continuous Flow Control with a soft polymer valve showing excellent reproducibility over multiple flow rate switching of the sequence
0→5→10→15→10→ 5→0 μL/min (black). The associated LED power switching pattern to generate this flow rate control is shown in red; (B) Zoom in on the highlighted
section of (A) showing detail of three complete flow rate switching sequences illustrating accuracy of the switching between set flow rates and stability of set flow rates.
(C,D) Indication of the speed of switching between flow rates focusing on the illustrated sections of the first pattern in (B). Increasing flow rate 5→10 μL/min is
associated with a contraction of the gel valve and is completed in ca. 20 s; decreasing flow rate 10→5 μL/min is associated with an expansion of the gel valve and is
slower at ca. 48 s.

TABLE 3 | Precision and Accuracy of Flow Control (n � 24 for 15 µL/min, n � 48 for
5, 10 µL/min).

Set point Average SD Average flow rate RSD RE

(µL/min) (µL/min) (µL/min) (%) (%)

5 0.063 5.095 1.23 1.90
10 0.059 10.124 0.58 1.24
15 0.061 15.121 0.41 0.80

TABLE 4 | Flow Control Average Response Times for each step (n � 24).

Change in flow rate (µL/min) Average response times (s)

0 → 5 280
5 → 10 16
10 → 15 11
15 → 10 57
10 → 5 69
5 → 0 183
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rate, with the average flow rate slightly higher than the set value
by ca. +0.1 µL/min, and the standard deviation close to 60 nL/min
in all cases. The relatively constant positive offset error for the
flow rate suggests that the true error of the system is significantly
lower than we report and could be further improved by additional
refinement of the PID algorithm, and changes to the valve design
and flow system more generally. However, even as it is, these
results suggest that the approach as described is already
demonstrating very accurate and precise control of flow rate
in fluidic channels.

Table 4 compares the response times for each step change in
flow rate. Generally speaking, with soft gel structures contraction is
faster than expansion, due to the differing dynamics of water
release/uptake from the polymer structure (Ziółkowski et al., 2016).
This is evident from a comparison of the faster response times for
switching 5 → 10 µL/min (16 s) and 10 → 15 µL/min (11 s), with
the equivalent 15→ 10 µL/min (57 s) and 10→ 5 µL/min (69 s). At
first glance, it appears that complete closure 5→ 0 µL/min (183 s)
is significantly faster than initial opening 0→ 5 µL/min (280 s), but
this is most likely due to continued swelling of the gel after initial
closing which has to be overcome before opening occurs. Much
faster valve opening from a completely closed status can be
achieved if the gel is pre-dispositioned specifically for this
action. An example is provided in the video (Supplementary
Material), which shows valve opening within a few seconds of
exposure to the LED light. Such rapid opening has been
demonstrated previously in studies focused on valve opening/
closing rather than precise control of flow rate. Our conclusion
is that the performance of this system can be significantly improved
through further optimization of the multiple facets influencing its
response (see Discussion below).

DISCUSSION

The synthesis presented above shows that the key component, the
spiropyran photoswitch, can be synthesized in high yields using
newmethods consistent with green chemistry that can be scaled up
as needed. Given the small amounts of materials used to create the
valve structures, and the compatibility of the gel production with
in-situ polymerization, it can be concluded that these structures
can be produced in large numbers at very low cost within pre-
produced fluidic chips. This in turn means that the inclusion of the
valves can be achieved post-chip production, and existing
manufacturing processes are therefore not affected. The fact
that control of the flow system can be affected from outside,
using light to trigger responses in responsive structures fully
enclosed within the fluidic system is a an attractive proposition,
as it means that the fluidics system can be totally isolated from the
photonic control source, unlike electronically controlled valves that
require physical contacts. This again speaks to the potential for
scale up of these actuators within fluidic systems.

Optimization of the valve response is a complex, multifaceted
task, involving interplay of multiple factors such as the valve shape,
size and design, the optical arrangement for managing interaction
of the gel with light, the composition of the gel cocktail, the
switching dynamics of the molecular photoswitch, the form and

optimization of the control algorithm, and the composition of the
external solution. However, even bearing this in mind, it is striking
how impressive the results are, even at this early stage of the
research. For example, even keeping all other factors as they are,
refinement of the control algorithm should result in significant
improvements in the flow accuracy. From Table 3, the RMS error
across the three flow rates is 0.114 µL/min. Optimization of the
algorithm should enable most of this constant offset error to be
removed. If this alone could be implemented, the resulting RMS
error would be close to 0.013 µL/min (i.e., 13 nL/min). However,
this would also depend on improving the standard deviation of the
steady-state flow rates as well. Improvements in the response time
could similarly be affected by considering the responsemechanism,
involving diffusion into/out of the gel from the surrounding
aqueous fluid. This is limited by Fick’s law which relates the
diffusion rate to the average diffusion pathlength (Porter et al.,
2007). For our purposes this means that larger structures take
longer to respond, and faster responses can therefore be expected
by scaling down the valve dimensions. However, we must also bear
in mind that the obtained flow rates only require a rather small
expansion and contraction of the gel, involving the region
immediately in contact with the external solution, and the full
dimension of the valve therefore are not implicit in producing the
response. Recent advances in multi-photon polymerization
instrumentation now enable these responsive gels to be created
at much higher resolution, and in much more complex 3D spatial
designs. The resulting gel structures exhibit swelling/contraction
kinetics that are orders ofmagnitude faster than the values reported
herein. This also means that larger micron-scale gel actuators can
be assembled from an arrangement of much smaller nano-scale
sub-units each of which expand and contract at a rate orders of
magnitude faster than an equivalent single monolithic micron-
scale actuator (Tudor et al., 2018).

As these actuators can be photopolymerized in pre-fabricated
channels from liquid precursors, and subsequently controlled using
light sources located outside the fluidic system; (i.e., the control
layer is physically separate from the fluidic layer), the responsive
features can be integrated without disrupting the way the fluidic
system is produced. Therefore, flexible flow regulation can now be
integrated at multiple locations, as the actuators are fully integrated
into the fluidic system, with no need to incorporate physical
contact between the stimulus source and the actuator (no
electronic contacts are required—the control layer can be
completely separate from the fluidic layer). In contrast,
conventional valves comprise a bottleneck to increasing fluidic
complexity, as scaling up is complex, expensive, inflexible, costly
and technically very demanding. Furthermore, the actuator form
and mode of action of the polymer actuators can be varied, for
example, by coating the fluidic channel walls (channel inner
diameter becomes variable), or having predesigned shapes (e.g.,
pillars, wedges) emerge and retreat into walls under external
photocontrol.

While this paper focuses on photo-responsive gels, stimuli
can be thermal, magnetic, electrochemical, or molecular.
Molecular responsive fluidic systems are particularly
interesting, as this could form the basis of a completely
materials based responsive system, totally self-contained, in
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which the control function is determined completely at the
materials level, with no need for electronics, power, or external
connectivity. This can be achieved by using gels incorporating
binding sites for a particular molecular target that swell and
contract in response to changes in the concentration of the
molecular target in the external solution (Bruen et al., 2020).
Ultimately, polymers that inherently actuate in response to
changes in their molecular environment will provide the
basis for futuristic fluidics that can implement sophisticated
flow control without recourse to electronics and external
intervention, i.e., the fluidic system will control its own
behavior. Systems exhibiting such autonomous control
characteristics are the key to creating completely new
approaches to molecular sensing and delivery platforms with
capabilities far beyond that currently possible.
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