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Abstract

Controling fluid flow in capillaric circuits is a key requirement to increase their uptake for assay applications. Capillary 1 
action off-valves provide such functionality by pushing an occluding bubble into the channel using a difference in 2 
capillary pressure. Previously, we utilised the binary switching mode of this structure to develop a powerful set of 3 
fundamental fluidic valving operations. In this work we provide evidence that these structures are in fact functionally 4 
complementary to electronic Junction Field Effect Transistors and thus warrant the use of the new term of capillaric-5 
Field Effect Transistor to describe these types of valves. To support this conclusion, we present a theoretical description, 6 
experimental characterisation, and practical application of analog flow resistance control. In addition, we demonstrate 7 
that the valves can also be re-opened. These are two key capabilities previously missing for a full analogy to electronic 8 
transistors. We show modulation of the flow resistance from fully open to pinch-off, determine the flow rate – trigger 9 
channel volume relationship and demonstrate that the latter can be modeled using Shockley’s equation for electronic 10 
transistors. Finally, we provide a first example of how the valves can be opened and closed repeatedly.  11 

1. Introduction 12 

Capillarics is a growing field within microfluidics that offers great potential for point-of-care (PoC) testing due to its use 13 
of capillary action driven, pre-programmed chips that can be fabricated in large numbers.1-3 Without the need for auxiliary 14 
pumping and valving operations, complex operations can be scaled down easily, offering lab-on-a-chip level functionality 15 
in cheap, portable, and user friendly devices.4,5 These advantages have led to capillarics being used for a wealth of new 16 
applications in recent years, in particular in the biosensing space.6-18 One fundamental requirement for the fully 17 
autonomous operation of capillaric circuits continues to be the availability of basic valving operations that do not need 18 
any external power source. Until recently, this was limited to two-level trigger valves1,2,19 or externally controlled 19 
valves.20,21 20 
 Expanding available valving options, we recently reported a capillary action off-valve structure which uses capillary 21 
pressure to inflate an occluding air bubble into a microfluidic channel, thus preventing further flow.22 While trapped 22 
bubbles have been used for various applications in pressure-driven microfluidics23, including to alter flow dynamics, 23 
mixing24, and to realize hydraulic capacitors25, they have not yet been extensively used in capillarics. To fill this gap, we 24 
demonstrated autonomous capillary-action fluidic valving, with no need for external instrumentation, and a variety of 25 
fundamental valving operations, including use to provide feedback, metering and logic operations.26 As eluded to in our 26 
previous work, the off-valves hold the potential for more transistor-like switching and resistance tuning. This stems from 27 
the construction and operational principle of the off-valve, which are shown in Fig. 1 in comparison to an electronic 28 
Junction Field Effect Transistor (JFET).27,28 In this communication we report the demonstration that the off-valve can 29 
indeed be used to control the flow resistance of the main channel in non-binary ways and that it can also oscillate, 30 
similarly to a JFET. The particular operating principle of the off-valve is different to that of other fluidic transistors, such 31 
as the pressure-controlled Field Effect Transistor (pFET)29, in that it acts on a continuous liquid volume and actually 32 
modulates the volume flow of this. We thus propose the introduction of the new term capillaric-Field Effect Transistor 33 
(cFET) for the off-valve to reflect this new functionality, the role of the junction and similarity to electronic JFET and 34 
pFET.  35 



 As shown in Fig. 1a, the off-valve/cFET device consists of three structures: the main channel, a trigger channel, and 36 
a void volume. The main channel is the fluidic channel being switched, whereas the trigger channel is a smaller channel 37 
providing the capillary pressure used for switching. This pressure is delivered via the void volume, which acts as an 38 
isolation structure, insulating the main and trigger channels from each other. During off-valve operation, liquid wets 39 
through the main channel and across the large opening at the interface with the void volume. As indicated in Fig. 1a, the 40 
liquid does not flow into the void volume because of the height difference between the two structures and the sharp 41 
geometric edge created by this.30 This leaves a large, low pressure meniscus spanning the opening. When the trigger 42 
channel subsequently fills with liquid, air is displaced. The high-pressure trigger channel meniscus forces the low-43 
pressure main channel meniscus into the main channel. This locates an occluding bubble into the main channel - 44 
restricting fluid flow through it. When the occluding bubble reaches the opposite wall of the main channel, fluid flow is 45 
completely pinched off.  46 
 For comparison, an electronic JFET and its operation principle are also shown in Fig. 1b. Both are three terminal 47 
devices, which feature a conductive channel, either liquid or electronic. In case of the electronic JFET, a field-effect 48 
applied from a control terminal forces a non-conductive volume into the main channel, reducing its cross-sectional area 49 
and increasing its resistance. The electric field depleting the semiconductor of p-type charge carriers in the JFET is 50 
comparable to the pressure field created by the trigger channel depleting the main channel of fluid in the cFET.  51 
 Despite the conceptual symmetry an off-valve has with an electronic JFET, it was decided that it did not meet the 52 
requirements for full transistor functionality27 on two main points. Firstly, the valve was not demonstrated to control flow 53 
resistance of the main channel in non-binary ways. Secondly, the structure could not oscillate – it could not be re-opened, 54 
and then be re-closed. This seeming lack in functionality is intrinsic to capillary devices, as all operations are hardwired 55 
for single use.31 There may be options to bypass this in future setups, but the number of uses will always be limited to 56 
the operations hardwired on the chip.  57 
 The key argument supporting that the capillary off-valve is a transistor, is that it can exert a continuous controlling 58 
force on the flow resistance of the main channel using a third (fluidic) terminal. The ‘exerting control’ property in electrical 59 
transistors is the transfer-conductance, or the transconductance of the device.27 This concept defines the size of the 60 
conductance change of the main channel, which is transferred or exerted from the control terminal using solid-state 61 
geometry. The transconductance of a capillary off-valve can be experimentally determined and used with existing 62 
transistor models to predict behaviour.  63 
 In the following, we develop a theoretical model for the closing dynamics of the off-valve, show the flow-rate-volume 64 
relation, adapt the JFET Shockley equation27,28 for this capillary structure, demonstrate that a capillary off-valve can be 65 
re-opened, and discuss the relevance and future applications for capillary transistors. We use the term capillaric-FET, 66 
or cFET, from this point to reflect this new evidence. 67 

 

Fig. 1 Construction and operational principle of the off-valve as 

capillaric-Field Effect Transistor (cFET). a Circuit symbol, structure 

and operational principle of the capillaric-FET. An air bubble is 

expanded into the main channel via a trigger channel to control flow 

resistance in the former. b Symbol and basic operation of an electronic 

JFET. In this structure the depletion region reduces the cross-section 

of the conducting channel, restricting electrical current flow. Despite 

different physical mediums, the similar geometries of these structures 

allow for significant theoretical and operational overlap. 

 



 The theoretical basis for many capillary action structures is the Young-Laplace equation (Eq. 1). This describes a 68 
general capillary pressure, 𝑃𝑐𝑎𝑝, created by a liquid-gas interface.32 In this work, the Young-Laplace equation for square-69 
microchannels and for principal meniscus curvature are used: 70 

 71 

𝑝𝑐𝑎𝑝 = −𝛾 ቀ
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 73 
 74 
where 𝛾 is the liquid surface tension, 𝜃 the water contact angle with the channel roof, floor, and left and right walls 75 
respectively, ℎ the height of the microchannel, 𝑤 the width of the microchannel, and 𝑅ℎ𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙, and 𝑅𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙  are the 76 
principal radii of curvature of the meniscus. This equation is used in the following section to derive a model for the 77 
transient dynamics of the cFET.  78 

2. Results 79 

Transient dynamics of the cFET 80 

It is important to develop a thorough theoretical understanding for the dynamics of the cFET to develop a model for its 81 
analog functional modes and behaviour throughout closing. For this we initially focus on the actuation speed of the cFET. 82 
The proposed dynamical model follows the convention of first-order electrical systems analogies. This approach is well 83 
established in both general microfluidics32 and capillaric circuits.33 Figure 2 shows the proposed model, overlaid on a 84 
rendering of the off-valve/cFET.22  85 
 In this model there are two capillary pressures, symbolically modelled in Fig. 2a as voltages. The first pressure is 86 
created by the meniscus in the trigger channel, 𝑃𝑡𝑟 . This is a constant value and can be calculated using the Eq. 1.  The 87 
second pressure, 𝑃𝑚, is created by the meniscus that spans the large opening at the edge of the void volume. This 88 
pressure is not constant, but rather a function of displaced trigger channel volume, 𝑉. The magnitude of this pressure 89 
will increase at higher trigger channel displacements. Due to the complex geometry of the main channel, the main 90 
channel pressure cannot easily be calculated. However, the form of the response is expected to be similar to an 91 
exponential approach, as shown in Fig. 2b. 92 
 There are four flow resistances which restrict fluid flow in this model. These represent the liquid and gas contributions 93 
for both the trigger channel and body of main channel. Due to its large width, height, and short length compared to the 94 
trigger channel - the main channel flow resistances are assumed to be negligible. As such we simplify the hydraulic 95 
resistances to the two fluid resistances of the trigger channel, now labelled as 𝑅𝑔𝑎𝑠, and 𝑅𝑙𝑖𝑞𝑢𝑖𝑑.    96 

 

Fig. 2 Electrical analogy model, and fluidic and gas 

resistances of the cFET. a Dynamical electrical analogy model for 

the closing behaviour of a cFET. The model is overlaid on a 

representation of the physical structure to show the physical 

quantities they represent. Two capillary pressures, Ptr and Pm, and 

four resistances, Rf,tr, Rg,tr, Rg,m and Rf,m, are used to model the 

cFET behaviour. b The fluid and gas resistances, and the main 

channel capillary pressure change as a function of the displaced 

trigger channel volume. Note: These graphs show the expected 

form of these properties only. 

 



 It is worth noting that these flow resistances do not stay constant over the closing of the device. As the trigger channel 97 
fills with liquid, air is displaced, causing the liquid flow resistance to increase and the gas component to decrease. While 98 
for most cases, the air flow resistance is negligible compared to the liquid component, it cannot be neglected. If it was 99 
removed, then the total flow resistance would become 0 at 𝑡 = 0. Using the two capillary pressures, and the two trigger 100 
channel flow resistances, we can describe the flow rate in the trigger channel using a differential equation as, 101 
 102 

𝑉ሶ =
𝑃 𝑡𝑟   −   𝑃𝑚(𝑉)

𝑅𝑙𝑖𝑞𝑢𝑖𝑑(𝑉) +  𝑅𝑔𝑎𝑠(𝑉)
 ,       (2) 103 

 104 
where 𝑉ሶ  is the first derivative of volume with time, 𝑃𝑡𝑟  the pressure of the trigger channel, 𝑃𝑚(𝑉)  the pressure of the 105 
main channel as a function of displaced trigger channel volume, 𝑅𝑙𝑖𝑞𝑢𝑖𝑑(𝑉) the fluid resistance of the trigger channel as 106 
a function of displaced trigger channel volume, and 𝑅𝑔𝑎𝑠(𝑉) the fluid resistance of the gas in the trigger channel as a 107 
function of volume. Equation 2 is linearly separable, and so it should be possible to solve the differential equation 108 
analytically. However, as the analytical form of the main channel capillary pressure is not currently known, we proceed 109 
numerically in the following. 110 
 In our previous work22, the closing time of the off-valve (cFET) was measured by the time taken for the occluding 111 
bubble to touch the wall of the main channel. The volume of air required to do this was termed the “pinch-off volume”, 112 
𝑉𝑝. Therefore, the closing time of the valve is the time to displace 𝑉𝑝 through the trigger channel. With initial conditions 113 
𝑉(0) = 0, 𝑉ሶ (0) = 0, we can express the closing time for a cFET as, 114 
 115 

𝑡𝑐𝑙𝑜𝑠𝑒 = 
𝑅𝑙𝑖𝑞𝑢𝑖𝑑(𝑉)+𝑅𝑔𝑎𝑠(𝑉)

𝑃𝑐𝑎𝑝,𝑡𝑟−𝑃𝑚𝑎𝑖𝑛(𝑉)

𝑉𝑝

0
𝑑𝑉                  (3) 116 

 117 
Many of the parameters in Eq. 3 are known or can be calculated. The hydraulic resistance of a square cross-section 118 
channel, 𝑅ℎ, can be calculated by the well-known empirical relation34, 119 
 120 

𝑅ℎ ≈
12𝜇𝐿

𝑤ℎ3ቀ1−0.63
ℎ

𝑤
ቁ
,      (4) 121 

 122 
where 𝜇 is the liquid viscosity, 𝐿 the length of the channel, 𝑤 the channel width, and ℎ the channel depth. This can be 123 
used to calculate the trigger channel fluid resistances, 𝑅𝑔𝑎𝑠, and 𝑅𝑙𝑖𝑞𝑢𝑖𝑑. 𝑃𝑡𝑟  is defined by the trigger channels height, 124 
depth, and contact angle through the Young-Laplace equation. However, the pinch-off volume, 𝑉𝑝, and the main channel 125 
capillary pressure are not known and difficult to determine analytically.  126 
 To obtain values for these, a Polymethylmethacrylate test chip was designed, fabricated and tested (ESI, Fig. S1) 127 
according to methods described in detail in our previous work.22,26 As per its design, this chip systematically varied the 128 
trigger channel volume of a number of cFETs to place the occluding bubbling in a range of states. These states are 129 
essentially stable snapshots of the meniscus at discrete time points throughout the complete closing of the cFET. A 130 
complete CAD rendering of the design is shown in Fig. 3 (CAD files provided in the ESI), with the inset depicting a close-131 
up of the trigger channel structures. The variation in the channel length, and therefore volume, places the cFETs in a 132 
controlled range of states between completely open and completely closed. A full range of resultant bubble states can 133 
be seen in Fig. 4a. These states can in turn be used to determine both the pinch-off volume and the main channel 134 
capillary pressure. The pinch-off volume is estimated by visually inspecting when the bubble touches the opposite 135 
channel wall. In the case of the test chip, the trigger channel volume for which the bubble touches the main channel wall 136 
was determined as 25.7 nL. This method of determining the pinch-off volume, is limited by the how accurately the point 137 
when the bubble touches the wall can be observed. In our previous work22, the ability to precisely determine this point 138 
was a limitation due to the resolution and frame rate of the recorded video. In this experiment, the resolution is still a 139 
limitation, however because the displaced volume is static, the frame-rate error can be disregarded. 140 

The main channel capillary pressure on the other hand has a vertical and horizontal component. The vertical 141 
component is defined by the height and contact angle of the main channel and is constant throughout the cFETs closing. 142 
Meanwhile, the horizontal component can be calculated by finding the radius (principal radii) of the bubble in each sub-143 
image of Fig. 4a - up until the pinch-off volume. Figure 4b shows the radii of the occluding bubbles plotted against the 144 
trigger channel volumes that created them, up until the pinch-off volume. An example of a circular arc fitted to the 145 
extracted meniscus shape is shown as inset in Fig. 4b. In most cases an excellent fit was achieved with a mean square 146 
error of less than 1 pixel. There were however, two large outliers in the recorded data indicated in Fig. 4b as red triangles. 147 



In these cases, the meniscus did not pin on the edges of the void volume due to a small leak. Despite this, there is a 148 
clear trend in the principal radii, and these outliers could be replaced with a linear interpolation of neighbouring points. 149 
 Based on this data, Eq. 4 can now be evaluated for a range of contact angles between 0∘ and 60∘, and trigger channel 150 
heights from 20 𝜇𝑚 to 150 𝜇𝑚. For calculation the pinch-off volume was set to 25.7 nL, the trigger channel width to 151 
100 𝜇𝑚, the trigger channel length to 10 mm, water was the working fluid (𝜂 =  8.9 × 10−4 𝑃𝑎. 𝑠, 𝛾 = 0.072 𝑁/𝑚), and air 152 
the working gas (𝜂 =  1.872 × 10−5 𝑃𝑎. 𝑠). 35 The main channel was 200 𝜇𝑚 deep, and 0.8 𝑚𝑚 long at the large opening.  153 
 A contour plot of the closing time is shown in Fig. 5a. The minimum closing time for this cFET main channel geometry 154 
is 11 ms. This closing time is achieved at a contact angle of 0∘ with a trigger channel depth of 115.8 𝜇𝑚 (width of 100 𝜇𝑚). 155 
As can be observed from Fig. 5, there is a significant basin of values where the closing time is on the order of 100 ms 156 
or less. This demonstrates the robustness of the general operation of the cFET, with even non-optimal structures 157 
achieving good performance. 158 
 The results of the modelled closing time, compared to the previously reported experimental results22 are shown in 159 
Fig. 5b. For a direct comparison, the model is re-calculated for a trigger channel length of 36 mm, and a contact angle 160 
of 0∘ to match the properties of the previous test device. While the agreement is reasonable, the model currently predicts 161 
generally faster closing than observed experimentally. In addition, the slowing of closing time due to high resistance or 162 
low capillary pressure trigger channels happens at a higher rate than experimentally observed. This disagreement can 163 
be explained by fabrication variation in the chip, distension of the hydrophobic cover into the channel, or deviations in 164 
the liquid surface tension and viscosity due to the addition of dye and stabilizing agents, the first two which can be 165 
reduced in the future through the use of more repeatable fabrication techniques such as injection molding and lamination. 166 
 It should also be stated, that, due to the discrete size of the off-valves included on the test chip, the data presented 167 
in Fig. 5 currently does not fully examine the available parameter space. Further improvements to the slew rate or closing 168 
time of the valve could be made by adjusting other aspects of the valve geometry. For example, examining the effect of 169 
the main channel geometry on closing time could yield further advances. This strategy could be particularly impactful, 170 
as the length and depth of the main channel will change both the main channel capillary pressure and pinch-off volume. 171 
Unfortunately, the ability to optimise the main channel is currently limited due to the lack of a method to determine the 172 
pinch-off volume and capillary back pressure analytically. At present, any main channel geometry must first be physically 173 
fabricated, tested, and analysed. However, as we demonstrate in the next section, this experimental approach still allows 174 
for a Shockley equation for cFETs to be developed. 175 

 

Fig. 3 CAD rendering of the analogue resistance mode test 

chip. The device was fabricated using micro-milling in 

Polymethylmethacrylate, as reported previously22, and consisted of 

36 cFET structures arranged in parallel between two large 

distribution channels with inlets A to D. The trigger channel volume 

of each cFET incrementally increases from right to left to create a 

full range of occluding bubble states. Inset shows a close-up 

illustrating how the trigger channel volume was incrementally 

increased by lengthening the trigger channels. 

 

 



Shockley equation for capillaric-FETs 176 

The Shockley equation is one of several fundamental equations that characterises the behaviour of electronic 177 
transistors.27,28 It expresses the relationship between the current flowing through the main channel and the gate voltage 178 
applied, and is commonly written as, 179 
 180 

𝑖𝐷 = 𝑖𝐷𝑆𝑆 ൬1 −
𝑣𝐺𝑆

𝑣𝑝
൰

2

,     (5) 181 

 

Fig. 5 The closing time of the cFET as a function of trigger 

channel depth and water contact angle. a Contour plot of the 

closing time. The trigger channel depth was evaluated from 20 to 

150 𝜇𝑚 and the contact angle from 0 ∘ and 60 ∘. For the main 

channel geometry in this example (200 𝜇𝑚 deep) the minimum 

closing time is approximately 11 milliseconds. b Results of the 

modelled closing time, compared to the previously reported 

experimental results.22  

 

 

Fig. 4 The radius of the occluding bubble, as determined by the 

test device. a Optical micrographs showing the shape of the 

occluding bubble for 36 cFETs with trigger channel volumes varying 

from 5.7 nL to 40.7 nL (top to bottom, right to left). Occluding 

bubbles contact the main channel wall, and thus pinch-off fluid flow, 

at a volume of approximately 26 nL. The shape of these bubbles 

was used to calculate main channel capillary pressure as function 

of displaced volume. b Plot of the occluding bubble radius as a 

function of displaced volume. A circular arc was fitted to each 

meniscus/bubble shown in a using a gradient descent fitting 

algorithm. Each point represents the radius of an arc that was fitted 

to the meniscus shape. Outliers are indicated as red triangles. Inset 

shows an example of the circular arc fitting (line) against the 

extracted meniscus shape (X), overlaid onto an image of the 

meniscus. 



 182 
where 𝑖𝐷 is the electronic current flowing through the drain, 𝑖𝐷𝑆𝑆 the saturation current, 𝑣𝐺𝑆 the control voltage applied to 183 
the gate, and 𝑣𝑃 the pinch-off voltage. The latter is the voltage at which the depletion region of the JFET completely 184 
occludes the main channel. As mentioned, a geometric parallel exists between the function of an electronic JFET, and 185 
the off-valve based cFET. Due to this, the Shockley equation should also describe the fluidic behaviour of the cFET, 186 
albeit with minor adjustments.  187 
 In an electronic JFET, the depletion region size is controlled by a potential energy (Voltage) applied to the gate.27 In 188 
the case of the cFET, the position of the meniscus is controlled by the displaced volume in the trigger channel. The cFET 189 
allows volumetric fluid flow, rather than electronic current, to pass. For the cFET, therefore, the Shockley equation (Eq. 5) 190 
modifies to, 191 
 192 

𝑄𝐷 =  𝑄𝑠𝑠 ൬1 −
𝑉𝑡𝑟

𝑉𝑝
൰

2

,    (6) 193 

 194 
where 𝑄𝐷 is the flow rate through the main channel, 𝑄𝑠𝑠  the saturation flow rate, 𝑉𝑡𝑟  the displaced trigger channel volume, 195 
and 𝑉𝑝 the pinch-off volume. To determine the validity of this modified Shockley equation approach, the flow-rate - volume 196 
(Q-V) relationship of the cFET was experimentally examined, demonstrating that analogue resistance modes are 197 
controllable and achievable in this type of device. 198 
 To test the analogue resistance modes the same microfluidic device was used as for the characterisation of the 199 
transient dynamics. This is possible, as each unique bubble volume creates a different fluidic resistance for liquid flowing 200 
through the main channel. When a hydrostatic pressure is applied across the cFETs, flow will be induced proportional 201 
to the hydrostatic pressure applied and the size of the occluding bubble. On the test chip the cFETs are arranged in 202 
parallel between two large distribution channels. The large size of the distribution channels was chosen to minimize the 203 
driving pressure variation between transistors.  204 
 To initially fill the device, 105 µL of DI water, dyed blue, were loaded into a filling inlet (C or D inlets in Fig. 3) of the 205 
chip using a pipette. This filled the transistors with liquid and actuated the trigger channels for each device. The liquid 206 
did not flow into the top distribution channel because of the presence of a stop valve structure1, which terminates each 207 
parallel transistor branch. Following filling, all remaining liquid was pipetted out of the filling inlet reservoir. To initiate 208 
fluid flow, 105 𝜇𝐿 of DI water, dyed yellow was added to a testing Inlet (A or B inlets of Fig. 3). Liquid then flowed through 209 
each transistor branch proportional to the resistance of each parallel branch. 210 
 To better understand the potential effect of the distribution channels, the filling-testing cycle was repeated multiple 211 
times along both ordinal axes of the chip. For this, the device was filled with blue dye coloured water either from inlet C 212 
and tested by adding yellow coloured water to inlet B (FCTB), or from inlet D and tested by adding yellow coloured water 213 
to inlet A (FDTA). The flow rate induced by the pressure was measured by recording the change in colour through each 214 
transistor branch over time and subsequent analysis using ImageJ. The flow rate measurement was made at the 215 
beginning of the experiment, before any significant backpressure could develop at the outlet. This visual method of 216 
tracking the liquid flow rate was used as a stand in for a true volumetric flow rate measurement, which would be difficult 217 
to realize in the capillaric circuit.  218 
 An example of such an experimental result can be seen in Fig. 6. Video footage of this FCTB and an example FDTA 219 
experiment are provided in the ESI (V1). Because the parallel branches filled at a different rate, over the course of the 220 
experiment they also filled to a different extent. As such, the progression of the yellow colour along the individual parallel 221 
channels in Fig. 6 succinctly shows the controllability, and the general form, of the cFETs flow rate–trigger channel 222 
volume relationship. Now, using the time-based data, the extracted Q-V plot (analogous to an IV curve for a JFET) is 223 
shown in Fig. 7a. To obtain this graph, results were normalised as the hydrostatic driving pressure was uncontrolled in 224 
the experiment. In fact, this was deemed more useful, as it allowed the effect of the trigger channel volume and flow 225 
resistances to be shown – rather than the coupled effect of the trigger channels and driving pressure. In Fig. 7a, the 226 
FCTB test is shown in blue, and the FDTA test is shown in red. The mean of the recorded runs is illustrated as solid 227 
lines, with translucent lines indicating individual results, and the standard deviation of the measurement is given by the 228 
shaded regions.  229 



 Initial observation of Fig. 7a highlights two interesting phenomena. Firstly, the hydraulic resistance of the off-valves 230 
can be controlled by the applied trigger channel volume, in turn demonstrating that the analogue resistance of the cFET 231 
can be controlled. Secondly, there are three distinct regions of operation reproduced on this chip design. For small trigger 232 
channel volumes, the fluid flow is mostly restricted by external resistances on the chip, for example the resistances of 233 
the interconnecting channels. These are designed to be the same for all devices. For larger trigger channel volumes - 234 
approaching the pinch-off volume - fluid flow is being restricted by the increasing size of the occluding bubble. This 235 
creates a hyperbolic region where the flow resistance rapidly increases – a region described by the squared relationship 236 
of the Shockley equation (Eq. 6). On the other hand, for trigger channel volumes greater than the pinch-off volume, fluid 237 
flow in the cFET is completely restricted – this is the cut-off region. 238 
 To further illustrate this conceptual similarity, Fig. 7b shows the Shockley equation fitted to the data from the average 239 
of all the recorded data points. As can be observed in Fig. 7b, the Shockley equation provides a good fit for the 240 
experimental data in the cut-off and hyperbolic regions. In the low-volume regions, where the effect of external 241 
resistances is more pronounced, this fit breaks down, and the model and experimental data diverge. The point where 242 
the model diverges from the data is representative of when the external resistance becomes dominant over that of the 243 
cFET. This model fit also allow confirms the pinch-off volume, which was estimated in Fig. 4a. As expected, the flow-244 
rate drops to zero after the observed pinch-off volume of 25.7 𝑛𝐿. 245 
 Figure 7 now allows the transconductance of a cFET to be defined for the first time, and approximate values to be 246 
calculated. In an electronic JFET, the transconductance is the rate of change of drain current, 𝐼𝐷, with respect to the 247 
gate-source voltage, 𝑉𝐺𝑆 at a constant drain source voltage.36 This is the partial derivative of Eq. 5 with respect to 𝑉𝐺𝑆. 248 
Therefore, the transconductance of a cFET is the change in main-channel flow rate, with respect to the change in 249 
displaced trigger channel volume at a constant hydrostatic pressure. This is the partial derivative of Eq. 6 with respect 250 
to displaced trigger channel volume. The maximum transconductance of this cFET was measured by fitting a linear line 251 
to the hyperbolic region, yielding 8.61 ± 0.6  𝑛𝐿𝑠−1 𝑛𝐿−1 for the FDTA direction, and 36.8 ± 23.6 𝑛𝐿𝑠−1𝑛𝐿−1 for the FCTB 252 
direction. The large variation between measurements is due to the uncontrolled hydrostatic testing pressure.  Testing 253 
of the two diagonal directions on the chip (FCTB, FDTA) did not conclusively reveal an effect due to the pressure drop 254 
along the distribution channel. The driving pressure is a combination of the hydrostatic pressure, as well as the capillary 255 
pressure of the outlet meniscus. Due to this, any potential effect was dominated by the variation in total driving pressure. 256 
This cannot be eliminated using the current chip design, we anticipate that in the future the effect of the cFET alone can 257 
be determined by controlling the hydrostatic pressures applied, coupled with true volumetric flow measurements. Such 258 
measurements would also allow the effect of various cFET main channel geometries to be assessed. 259 

Reversible operation of the cFET 260 

The second criterion on which the original off-valves fell short of true transistor analogy, was their ability to oscillate. 261 
Capillary action devices are generally single use: Once a channel has been filled, the potential energy of the system has 262 
been expended, and no more liquid actuation can occur.31 This in turn means that reversibility of any action within the 263 
system is difficult, if not impossible, and that reopening of the cFET by simply withdrawing liquid from the trigger channel 264 
will be difficult.  265 

 

Fig. 6 Photograph showing the total liquid flow through the 

parallel resistor branches in proportion to the fluid resistance 

of the cFET devices. Labels indicate the testing (A,B) and filling 

(C,D) inlets. In this example the device was filled with blue dye 

coloured water from inlet C and tested by adding yellow coloured 

water to inlet B (FCTB). The image demonstrates the controllability 

in the resistance of the cFET devices. 

 



 Interestingly, we found that the cFET can in fact operate reversibly, so long as there is still potential energy in the 266 
capillaric circuit and there is feedback void volume. This is possible because the bubble in the main channel of the 267 
device, in the closed or partially closed state, has its own capillary pressure. As such, the capillary pressure of the 268 
occluding bubble constitutes a restoring force that is balanced by the trigger channel pressure. If the capillary pressure 269 
of the trigger channel is mitigated, the volume is retracted, or if a vent is made available to the void volume- the cFET 270 
will re-open. 271 
 In this work, we present the simplest possible demonstration of this operation in the form of a vent being opened to 272 
the void volume of the transistor, allowing the cFET to re-open under its own restoring force. The chip utilised to 273 
experimentally demonstrate this was a modified version of a multiple-input NAND device reported previously (CAD files 274 
provided in the ESI).26 This device consists of multiple trigger channels which lead into a single void volume. In its 275 
ordinary operation, the valve operates like a computational NAND function, completely closing only when all the trigger 276 
channels have been actuated.26  277 

 

Fig. 7 Flow rate-volume (Q-V) relationship for the cFET device. 

a Plot of the Q-V relationship for the cFET device, as measured 

from the test chip. The chip was tested with a hydrostatic pressure 

applied between diagonally opposite pairs of inlets. This was done 

to visualize any potential influence of the distribution channels. The 

results are shown normalised to the mean response to illustrate the 

effect of the trigger channel volume more clearly. Devices were 

filled from inlet C and tested via inlet B (FCTB), or filled from D and 

tested via A (FDTA). b A Shockley equation form fitted to the Q-V 

response shown in a. 

 



 For the demonstration of re-opening, the inlets to all but one of the trigger channels were masked with semiconductor 278 
dicing tape, with the tape acting as a burstable membrane. In this configuration, any of the trigger channels will actuate 279 
the main channel of the cFET. Once the valve has been closed, a user then bursts one of the tape seals, for example 280 
by manually puncturing it with a syringe needle. The void volume is now able to vent through the burst membrane, and 281 
the restoring force created by the main channel meniscus will re-open the device. An experimental demonstration of this 282 
operation can be seen in Fig. 8. Video footage of this experiment is provided in the ESI (V2). At time-point 𝑡1, the cFET 283 
was closed, with one trigger channel filled. This was followed by puncturing of the dicing tape on the inlet of channel 2 284 
at 𝑡2, leading to the valve reopening. At 𝑡3, trigger channel 2 was filled to reclose the valve and reopened by puncturing 285 
the tape over channel 3 in 𝑡4. This manual cycling was repeated one more time during 𝑡5and 𝑡6, with the possibility to 286 
extend this for as many times as required by the application. The total number of possible switching events is only limited 287 
by the number of vent channels which can physically be routed to the void volume.  288 
 Although this demonstration is relatively crude, it functionally demonstrates the reversibility of the cFET operation, 289 
providing a novel flow control pathway for relevant applications. For example, many biochemical assays require timed 290 
incubation steps.22 Capillaric circuits generally manage the timing of incubation steps by use of long delay channels2,37,38, 291 
however it may also be desirable to have user-controlled incubation periods. In such an application the cFET would be 292 
used to stop liquid progress using a feedback trigger channel and a user would manually resume fluid flow by bursting 293 
the tape membrane to vent the void volume. Evidently, there are other capillaric circuit elements which can also achieve 294 
such user actuated timing, the simplest example being a two-level trigger valve.1 However, the potential advantage of 295 
using a cFET over a two-level trigger valve in this application would be for stability over longer incubation periods. For 296 
example, we have observed that the closed state of cFETs tends to be stable for 2 hours or more (see ESI, Fig. S2), 297 
which is significantly longer than the 15 to 30 minutes reported for conventional trigger valves.39 298 
 Ultimately though, as the goal of capillary circuits typically is to provide fully autonomous function, the integration of 299 
mechanically-moving parts, such as burstable membranes, is not necessarily a good fit due to their need for user 300 
intervention. Despite this, the experiments shown here demonstrate conclusively that the off-valve/cFET structure is fully 301 
capable of oscillation given an appropriate input. It would be conceivable to create automatic methods to achieve the 302 
same result using supporting capillaric circuitry. These could include using a capillary action retention valve1 to remove 303 
liquid out of the trigger channel and connecting a lower flow resistance pump to the trigger channel. 304 

 

Fig. 8 Demonstration of the closing and re-opening of a cFET device by venting of the void volume. a Photograph of the capillary logic 

chip design26 used for the reopening demonstration. A capillary pump actuates fluid flow through two off-valves/cFETs of which only the 

second valve is used for the demonstration. This second cFET has four trigger channels with externally accessible inlets. Three of these 

inlets are closed off with semiconductor dicing tape, providing an airtight seal. b Example of the switching between closed and reopened 

cFET states. Filled trigger channels 1 and 2 expand a bubble into the main channel (left). After the dicing tape covering channel 3 is punctured 

the bubble recovers, reopening the cFET (right). c Image sequence showing the bubble expansion and retraction over three transitions. At 𝑡1 

the cFET is shown in the closed state with only one trigger channel providing the volume. When trigger channel 2 is vented at 𝑡2 > 𝑡1 the 

cFET reopens. At 𝑡3 the cFET is closed again with the help of trigger channel 2, and reopened at 𝑡4by piercing the tape membrane over 

trigger channel 3. This transition is repeated a third time at 𝑡5, closing the cFET again with the help of trigger channel 3, and reopened it at 

𝑡6via trigger channel 4. While the main purpose of this experiment was to show that the occluding bubble has a restoring force, and is able to 

re-open if required, it also illustrates that the volume of the actuating bubble is an adjustable function of the number of trigger channels.  

 



3. Discussion 305 

In this paper we have reported the first study of analogue resistance modes of a capillaric off-valve, providing support 306 
for the introduction of the term capillaric-FET, or cFET in short, for this type of structure. The capability of a cFET to 307 
actively control the flow resistance of a channel, as shown, represents a substantial functional addition to the capillaric 308 
circuit tool kit. Indeed, a wide range of applications in capillarics could profit from this kind of flow control. For example, 309 
the cFET could be used to control the stoichiometry of flowing reactants in a micro-fluidic channel, as already 310 
demonstrated in pressure-driven systems.24 Traditionally, this would be controlled by the concentration of the input 311 
reactants, or by designing the size of the microchannels to obtain a specific flow resistance.40 A cFET could not only 312 
achieve the same result as most of these solutions, but, more importantly, it could do so while also changing its 313 
resistance over time. For example, if the cFET was open initially, then actuated later in time, the ratio of reactants could 314 
be changed in a ramp or step function-like manner.  315 
 Based on the data shown here, natural limitations to the interoperability of the analogue resistance modes 316 
demonstrated remain. Currently the Q-V curve experiment shown in Fig. 7(a) does not control the hydrostatic pressure 317 
applied across the device as precisely as would be desirable. While, these results allowed us to conclude that the 318 
occluding bubble can be placed in a variety of states, thus producing a useful difference in flow resistance, due to the 319 
pressure drop along the distribution channel, and the driving pressure variation – we were not able to recreate a Q-V 320 
plot for a single device in isolation. Future work will thus seek to extend the physical characterisation of the structure. In 321 
particular, we aim to precisely control the applied pressure across the device and measure the fluid flow using 322 
conventional flow sensors, similar as has been done for pressure-driven systems.24 Further study and prediction of the 323 
analogue resistance modes of the cFET, will establish this new type of flow-control device for a whole range of practical 324 
applications, thus enabling the realisation of previously incompatible assays on capillaric microfluidics platforms. 325 
 326 

4. Materials and methods 327 

Fabrication 328 

Devices were fabricated from cross-linked polymethylmethacrylate (PMMA; 4.5 mm general purpose acrylic; PSP 329 
Plastics, Christchurch, New Zealand) as previously described.22,26 Channel milling was performed using a Mini-Mill/GX 330 
micro milling machine running a NSK-3000 Spindle (Minitech Machinery Corporation, Norcross, GA, USA), with a 331 
minimum adressable step size of 1 µm. Machining tools were purchased from Performance Micro Tool (Janesville, WI, 332 
USA) in diameters of 3.175 mm (SR-4-1250-S), 250 µm (250M2X750S) and 100 µm (100M2X300S) for the square 333 
heads and 200 µm (TR-2-0080-BN) for the ball nose. Design files and milling parameters (G-code) were prepared using 334 
computer-aided design (CAD) software (Autodesk Fusion 360© 2020 Autodesk, Version 2.0.10356) for all functional 335 
units (CAD files provided in the ESI). 336 
 Each sample was fabricated by an initial face cut (3.175 mm cutter) to level out the surface, followed by milling of 337 
each channel. Milling shallower channels was carried out first to avoid burring on the edges, and all channel steps were 338 
repeated at bottom height at the end of milling to remove burrs. The surface was then polished using acrylic polish 339 
(aluminium oxide-based CRC, code 9230), followed by ultra-sonication for 1 min in ~5% (v/v) aqueous isopropyl alcohol 340 
solution, washing with acetone, isopropyl alcohol and water and blow drying with nitrogen. To close microscopic cracks 341 
that arose during the milling process, the surface was coated with high molecular weight PMMA solution (average Mw 342 
= 996,000, 2.5% in xylene; Sigma Aldrich, St Louis, MO, USA). Any remaining solvent was removed by drying samples 343 
at 90°C for 5 min on a hotplate and keeping the hot sample under vacuum for at least 1 min. Finally, samples were 344 
plasma-treated ten times for 1 min, each time at 25 W, pulsed mode (ratio 50) using oxygen gas (3 sccm; Tergeo Plasma 345 
Cleaner, Pie Scientific, Union City, CA, USA). A thin (2–3 mm) polydimethylsiloxane slab was prepared (PDMS; Sylgard 346 
184, Electropar, NZ; mixed as given in instructions (10:1 w:w base:curing agent) and then cured at 80°C for 2h). This 347 
PDMS slab acted as a hydrophobic cover for the chip. A frame holder was used to ensure a tight seal of this to the 348 
PMMA channels. For the demonstration of re-opening, inlets on the PMMA were masked with semiconductor dicing tape 349 
(SWR 10+R, Nitto) and pierced with syringe needles. 350 

Device Testing 351 

All flow experiments were conducted by the addition of aqueous dye solutions (Brilliant Blue dye, #80717, Sigma Aldrich 352 
and Tartrazine, #T0388, Sigma Aldrich) into the reservoirs using a manual pipette. Liquid movement was recorded using 353 
a digital camera (Canon EOS 760D using a Canon Macro lens EF 100 mm 1:2.8 USM, recorded at 25 FPS). Images of 354 
the bubble shapes were binarized using ImageJ (FIJI)41 and used to extract the shape of the bubble. A multivariate 355 



gradient descent fitting algorithm could then be used to fit the origin and radius of a circular arc to the bubble. All data 356 
processing was performed using ImageJ, and Python 3.842 (Code provided in the ESI). 357 
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