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Abstract 

 

Electrically Active Microfluidic Fibers 

 

Boxue Chen, Ph.D. 

The University of Texas at Austin, 2019 

 

Supervisor:  Zheng Wang 

 

In recent years, novel materials processing techniques involving PDMS and paper 

materials have enabled revolutionary progress in performance and capability of chip-scale 

microfluidics. However, microfluidic systems remain largely single-chip constructs, and 

are far from the level of sophistication that is typically seen in multi-chip multi-board 

electronic systems. A major limitation lies in the fluidic chip-to-chip interconnects, where 

the simple tubing materials and structures lack the pumping and monitoring functionalities 

that are needed in reliable microfluidic systems.  

In this dissertation, we address these challenges with the new structures and 

materials made available by multimaterial fiber processes, which have recently emerged as 

a materials platform for a variety of sensing modalities. Various functionalities, such as 

flow actuators or sensors, are integrated into multimaterial fibers for functional chip 

feedlines. 

Integrated fiber pumps are enabled by electrowetting-on-dielectric (EWOD) 

actuation to precisely manipulate liquid flow. Fiber drawing process allows creating an 

ultra-thin and uniform dielectric layer, and hence achieving rapid flow response and 

predictable flow behaviors. Fiber thermal flow sensors, on the other hand, take the 



 ix 

advantage of ultra-fast heat transfer at microscale to break the fundamental trade-off 

between sensitivity, pressure drop, measurement range, and temperature rise in 

conventional thermal flow sensors. Record-setting flowrate sensitivity was demonstrated 

over a wide measurement range and unprecedentedly low pressure drop. As a natural 

extension to the project of fiber flow sensors, we also present the theoretic optimization of 

geometric and segmentation design of fiber flow sensors to further boost sensitivity and 

extend measurement range. A new two-segment structure was demonstrated in simulation 

with greatly extended measurement range and much simpler post-drawing process. At last, 

we proposed a general strategy for distributed sensing, which was later applied to present 

distributed flow sensors. Sub-cm spatial resolution was demonstrated in simulations.  

Taken as a whole, electrically active microfluidic fibers take advantage of novel 

materials and new device structures that deliver new functionality and significant 

improvements in performance. This unconventional form of devices paves the way towards 

a complete functional overhaul of microfluidics feed lines needed in large-scale multi-chip 

integration in microfluidics and opens new possibilities in lab-on-fiber technologies. 
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Chapter 1:  Introduction 

Microfluidics technology modulates fluids in microscale. Its popularity in life 

science and chemistry synthesis benefits from its precise control of liquid down to picoliter 

level, as well as fast heat/mass transfer within sub-mm length. [1], [2] The complexity and 

functionality of microfluidic systems has grown from miniaturized biochemical analysis 

on a single chip to multi-chip systems that can perform high-speed genetic analysis of 

billions of base pairs in hours. [3], [4] However, chip-to-chip and chip-to-world 

interconnects remain simple today, i.e. plastic tubing, due to its very different processing 

techniques, materials properties and insufficient knowledge of melt-processed electronics. 

To address those challenges, we explore new materials and novel device structures 

made available by multimaterial fiber technology [5]–[7], which has recently emerged as 

a materials platform for a variety of sensors and actuators for light [8]–[11], heat [12], and 

sound [13], [14]. We take advantage of the exceptional aspect ratios and the ability of 

integrating flexible electronics of this process, to create kilometers of hollow fibers with 

various in-line sensing and actuating modalities for functional microfluidic interconnects. 

This dissertation is constructed around electrically active microfluidic fibers, a 

hybrid technology that marries the best from both microfluidics and multimaterial fibers. 

We describe the design, simulation and implementation of a series of microfluidic fiber 

devices, enabling in-line pumping and monitoring functionalities that are needed in large-

scale integration of microfluidics systems. Particularly, our work seeks to answer a few 

questions around this technology, either independently or simultaneously: 

 Can microfluidic fibers form a closed-loop flow control system, i.e. a system 

consists of active flow controllers and flow monitors?  
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 Can devices made with microfluidic fibers outperform state-of-the-art 

commercial sensors/actuators? 

 Can microfluidic fibers, as a hybrid technology, marry the benefits from both 

microfluidics and multimaterial fibers? 

 Can microfluidic fibers, as a novel technology, offer new opportunities for 

sensing/actuating modalities that do not exist before? 

Specifically, this thesis is organized as follows. 

In Chapter 21 , we present the design, fabrication and characterization of such 

microfluidic fibers. 

In Chapter 3, we demonstrate the first implementation of active pumping 

functionality within a flexible fiber that is enabled by electrowetting-on-dielectric (EWOD) 

actuation to precisely manipulate liquid flow. We take this EWOD approach and show 

rapid flow response and predictable flow behaviors with integrated fiber pumps     

In Chapter 41, we report the first fiber flow-rate sensor using unconventional 

thermistor materials and novel multi-segment structures. In addition to the integrated flow-

sensing capability, we also show how our device platform resolves a fundamental trade-

off between sensitivity, pressure drop, measurement range, and temperature rise in 

conventional thermal flow sensors. 

In Chapter 5, we present the systematic optimization of fiber flow sensors with 

FEM simulations. We conduct a series of simulations to investigate the geometric effects 

on sensitivity. We also demonstrate a novel two-segment device structure, which achieves 

greatly extended measurement range with much simplified post-drawing processing. 

                                                 
1 Part of the content of this chapter has previously been published as "Integrated Fiber Flow Sensors for 

Microfluidic Interconnects." Advanced Materials Technologies 3.11 (2018): 1800175.[15] 
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In Chapter 6, we demonstrate the first implementation of electrically active 

distributed sensors that are enabled by a moving droplet to locally active fiber devices. We 

apply this approach to fiber flow sensors, and show sub-mm level spatial resolution, as 

well as a complete flow velocity profiling.   
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Chapter 2:  Device Fabrication 

In this chapter2 , we describe the design and fabrication of multimaterial fiber 

electronics, which are later used as microfluidic interconnects. We start with the geometric 

design of such fiber devices and material selection. Then we present the entire fabrication 

process, consisting of preform assembly, thermal co-drawing and post-drawing processes. 

At the end, a few of characterization methods are also investigated. 

2.1 GEOMETRIC DESIGN AND MATERIAL SELECTION 

Figure 2.1 shows the basic structure of a fiber electronic device, which was 

produced using a thermal co-drawing process. Thanks to the exceptional aspect ratios [16], 

[17] and dimensional control [18] of this processing technique, we placed two 

extraordinarily long and thin conductive films (yellow color) adjacent to a hollow fiber 

core that serves as the fluid channel. We choosed carbon-black doped polyethylene (CPE) 

as the material for this conductive layer not only because of its moderate resistivity of 

0.3~0.5 Ω∙m, but also its exceptional temperature coefficient of resistivity (TCR) of 0.091 

K-1. Comparing to metal films, CPE films provide ~107 times greater nominal resistivity at 

room temperature, and ~20 times greater TCR, thanks to their percolation effect [19], [20].  

  

                                                 
2 Part of the content of this chapter has previously been published as Chen, Boxue, Corey Kwok, Thien‐
An Ngoc Nguyen, and Zheng Wang. "Integrated Fiber Flow Sensors for Microfluidic Interconnects." 

Advanced Materials Technologies 3.11 (2018): 1800175.[15] Co-authors have participated extensively in 

experiment methods, and have contributed in reviewing the final manuscript. 
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Figure 2.1. Schematic view of the fiber cross section. 

The polymer films are electrically insulated from the fluid channel by a thin 

dielectric layer of polyethylene. Here polyethylene provides excellent compatibility with 

CPE, and hydrophobic surface as well. Polycarbonate was utilized as the cladding material 

to provide mechanical support and flexibility. Such fiber devices exhibit conductive 

characteristics along the length, thanks to CPE, as well as crosswise capacitive 

characteristics due to its structure of parallel plate capacitor. 

Fiber co-drawing process allows to create kilometers of uniform fibers at a cross-

section of sub-mm scale, despite that the devices are originally assembled at macroscopic 

scale. We adopted fiber fluidic channels with a cross-section of 1×0.5 mm with an overall 

fiber cross-section of 2×1 mm, to match the commonly used 1/16” ID Tygon tube. The 

relatively large cross section reduces the pressure drop to levels typical in feedlines of 

microfluidic systems, estimated to be 1.25×1011 kg/m5s in hydrodynamic resistance [21]. 

2.2 PREFORM ASSEMBLY AND THERMAL DRAWING PROCESS 

Figure 2.2 shows the schematic view of preform assembly and thermal drawing 

process. The fiber preform (23 cm x 3.8 cm x 1.9 cm) was assembled from three 

polycarbonate (PC, McMaster-Carr 1749K229) plates. The top and bottom PC plates were 
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wrapped with 500-μm-thick carbon-black-doped polyethylene (CPE, Hillas Blac-STAT 

conductive films) films. The middle plate was machined with a 19 mm wide through slot 

using CNC mill (XIMotion EC-2), which will serve as fluid channel after thermal drawing. 

An 80-μm-thick polyethylene (PE, Elkay Plastics) sheet was put between fluid 

channel and CPE films. Two sacrificial strips of polyimide (PI, McMaster-Carr 7648A42) 

sheets were added on the middle of both the top and bottom surface of the assembled 

preform. A polycarbonate (Ajedium Films 09105-1) sheet (0.08 mm thick) was rolled 

around the assembled preform to hold it tight. 

 

 

Figure 2.2. Schematics of preform assembly and fiber thermal drawing. 

Assembled preform was consolidated at 160 oC for 300 minutes in a vacuum oven 

(Fisher Scientific Isotemp 282A) at a pressure less than 1 kPa. Two rectangular windows 

were created by cutting open the outermost PC sheet along the previously buried polyimide 
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strips (see Figure 2.2d for details). Exposed polyimide strips were also removed to uncover 

CPE films for connecting to external contacts. 

Subsequently, consolidated preform was feed into a three-zone vertical furnace to 

be drawn into hundreds of meters of fibers. The temperature of furnace was set to be 150 

oC (top), 290 oC (middle), and 30 oC (bootom). We adopted a 20x reduction ratio, which 

yields fibers with a cross-section of 2x1 mm, fluid channels of 1x0.5 mm, CPE films of 25 

μm thick and dielectric layer of 3.8 μm thick. 

2.3 POST-DRAWING PROCESS 

As-drawn fibers cannot form good electrical contacts with external circuits due to 

the poor conductivity of CPE. Therefore post-drawing process is necessary. As we have 

mentioned earlier, our fiber devices exhibit resistive characteristics along the length, as 

well as crosswise capacitive characteristics due to its structure of parallel plate capacitor. 

Two different post-drawing processes can be applied depend on the applications. 

2.3.1 Process for lengthwise conductive characteristics 

An active conductive region were created from a uniform fiber by constructing two 

or multiple external contacts. Figure 2.3e shows an example of two external contacts that 

bracket the active region in between. At each contact (Figure 2.3c), we removed the 

exposed CPE on the bottom surface of fiber and coated all four external surfaces with silver 

paint (SPI Supplies 04998-AB). As a result, only the top CPE film forms electric 

connections with silver paint. At the active conductive region (Figure 2.3d), exposed CPE 

films were carefully removed from the top surface and two side surfaces with a blade. 

Consequently, electrical current in the active region is focused on the top CPE film adjacent 

to the fluid channel, and no current passes through the lower CPE film. 
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Figure 2.3. Post-drawing process for lengthwise conductive characteristics.  

2.3.2 Process for crosswise capacitive characteristics 

An active capacitive region were created by simply painting the top and bottom 

CPE film with silver paint (SPI Supplies 04998-AB).Figure 2.4 shows an example of 

created fiber capacitor with partially filled water. The overall capacitance equals the sum 

of filled region and unfilled region.  

 

 

Figure 2.4. Post-drawing process for crosswise capacitive characteristics. 
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2.4 DEVICE CHARACTERIZATION 

2.4.1 Cross-section geometry 

Previously, we decided to adopt a 20x reduction ratio to create fiber fluidic channels 

of 1×0.5 mm for a low flow resistance that is comparable with widely used 1/16”-ID Tygon 

tubing. The overall fiber sizes of 2×1 mm also make it easy to mount to the tubing. In 

Figure 2.5, we show an optical micrograph of the cross section of an as-drawn fiber, with 

minimal rounding at the edges. The cross-sectional dimensions of fiber and channel are 

very close to designed values.     

 

 

Figure 2.5. Cross-section geometry of an as-drawn fiber. Left panel: optical image of a 

fiber segment with a US quarter. Right panel: optical micrograph of the cross section of a 

fiber. 

2.4.2 Channel flow resistance 

For a rectangular channel of width w and height h (𝑤 > ℎ), the flow resistance R 

can be calculated based on the following equation: [21] 

𝑅 =
12𝜇𝐿

𝑤ℎ3 (1 −
0.63ℎ

𝑤 )
(2. 1)
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,where μ is fluidic viscosity and L is length of the channel. Therefore, the flow resistance 

for a 1-cm-long fiber segment is estimated to be 1.25×109 kg/m4s. 

To verify this estimate, we conducted measurements of channel flow resistance 

based on Hagen-Poiseuille equation, which describes the linear relationship between 

pressure drop ΔP and volumetric flow rate Q: 

Δ𝑃 = 𝑅 ⋅ 𝑄 (2. 2) 

For gravity-driven flow, pressure drop Δ𝑃  equals hydrostatic pressure ρgΔh 

caused by the weight of a fluid. ρ is the density of the fluid, and g is the gravitational 

acceleration constant. Δh is the height difference at two open ends of a flow system. 

Volumetric flow rate Q equals the product of cross-sectional area A of a container and the 

rate of change in liquid level h. Thus we arrive at: 

𝜌𝑔Δℎ = −𝑅𝐴 ⋅
dℎ

d𝑡
(2. 3) 

Integrate both sides of the equation above with respect to time t, water level can be 

rewritten as a function of time. 

ℎ(𝑡) = 𝑐0 + 𝑐1 ⋅ exp (−
2𝜌𝑔

𝑅𝐴
⋅ 𝑡) (2. 4) 

By continuously recording the liquid level at various time and fitting recorded 

results to the above equation, we can extract the flow resistance R. 

Experimental setup (Figure 2.6a) involves two open containers, both with a cross-

section of 10 x 10 cm, connected by the device under test (DUT). The time-evolution of 

liquid level was recorded using a digital camera (Canon T2i). Two flow channels were 

characterized: a 7-cm-long Tygon tube with 1/16” ID and 3/32” OD, and a 5-cm-long fiber 

segment connected to two 1-cm-long Tygon tube.    
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Figure 2.6. (a) Gravity-driven flow through the device under test. (b) Two devices 

under test: (top panel) a 7-cm-long Tygon tube, and (bottom panel) a 5-cm-long fiber 

segment connected with two 1-cm-long Tygon tubes. 

The measurement started with the left container partially filled and the right 

container empty. Deionized water labelled with yellow soluble dye (Fluorescein sodium, 

Sigma Aldrich) freely flowed through DUT into the right container. The time-evolution of 

liquid level in left container h(t) was captured at 2 second intervals. 

Figure 2.7 shows the measured time-evolution of liquid level for three runs 

conducted on fiber segment, and their fit to an exponential function ℎ(𝑡) = 𝑐0 + 𝑐1 ⋅ 𝑒−
𝑡

𝜏. 

The near-perfect match between experimental results and fitting results is reflected by a R2 

value of greater than 0.999 and a RMSE value of less than 0.07 mm. Subsequently, the 

averaged time constant for a packaged fiber flow sensor (including two 1-cm-long 

connector tubes) is determined to be 2660 s, corresponding to a hydrodynamic resistance 

of 5.21×109 kg/(m4⋅s), close to the estimate calculated from the channel geometry 6.35×109 

kg/(m4⋅s). 
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Figure 2.7. Measured time-evolution of liquid level (colored) with corresponding fitting 

curves (black). Inset shows the fitted time constants for each run. 

Table 2.1 compares the flow resistance and the voltage sensitivity of our fiber 

sensor with a state-of-the-art commercial sensor (Sensirion LG 16-0430), as well as a 

typical MEMs sensor in recent research work [22]. As we can see, fiber sensors 

undoubtedly surpass the state-of-the-art industry standards as they exhibit 10 times greater 

sensitivity at only less than 10% pressure drop. 

Table 2.1. Comparison of flow resistance and sensitivity among typical flow sensors. 

 
Estimated Flow 

Resistance 

Measured Flow 

Resistance 

Pressure Drop  

at 100 μL/min 

Sensitivity 

(mV/( μL/min)) 

Tygon tube 4.00×108 kg/(m4⋅s) 8.93×108 kg/(m4⋅s) 1.49 Pa -- 

Fiber segment 6.35×109 kg/(m4⋅s) 5.21×109 kg/(m4⋅s) 8.68 Pa 384 

Sensirion LG 16-0430 -- -- 125 Pa 30 

PMMA channel in a 

MEMs flow sensor [22] 
-- -- 150 Pa 0.0023 

2.4.3 Lengthwise conductance and its dependence on temperature 

Fiber devices behave electrically conductive along the axial direction, and the 

conductivity decreases as temperature goes up. The conductive polymeric films, CPE, used 

in fibers offer ~107 times greater nominal resistivity at room temperature, and ~20 times 
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greater TCR, comparing to widely used metal films. To characterize fibers’ lengthwise 

conductive prosperity, we measured the conductivity of CPE films after thermal drawing 

process and its dependence on temperature. 

As-drawn fibers were prepared the same way as we described in 2.3.1. Four 1-mm-

wide contact pads were constructed on the CPE films at a 2-mm-spacing to set up four-

probe measurements. Two NI MyDAQ were used to record the current and the voltage 

across the CPE films. A thermal camera (FLIR E60) were located 30 cm above fibers to 

record the temperature of CPE films. Figure 2.8 presents the relative electrical resistance 

of CPE films at various temperature. Six runs were carried out over the same fiber segment. 

Run 1-3 were conducted consecutively within an hour; and run 4-6 were done on the next 

day. All six runs together fix into an exponential curve: 

𝑅/𝑅0 = 0.087 ⋅ 𝑒0.091(𝑇−25) + 0.91, (2. 5) 

which suggests excellent repeatability. Here R0 is the nominal resistance at 25 oC, measured 

to be 6.3±0.1 kΩ. Subsequently, the resistivity of CPE films is calculated to be 0.20 Ω∙m, 

with a TCR constant of 0.091 K-1.   
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Figure 2.8. Measured (colored dots) and fitted (blue line) relative electrical resistance of 

CPE films at various temperatures. 

2.4.4 Crosswise capacitance and its dependence on water-column-length 

Fiber devices have a structure similar to parallel plate capacitors, with either air or 

water filling the majority room between two plates. When air fills into the fiber channel, 

the dielectric of fiber capacitor consists of two thin layers of PE and one thick layer of air, 

resulting in a low capacitance. On the other hand, when filled with water, which usually 

treated as a conductor, the dielectric of fiber capacitor only consists of two thin layer of 

PE. Consequently, fiber exhibits a high capacitance. For a fiber segment that is partially 

filled with water, its capacitance equals the sum of the capacitance of air region (low 

capacitance per unit length) and the capacitance of water region (high capacitance per unit 

length). As a result, the overall capacitance of a fiber is dependent on the amount of water 

inside of its channel, or simply the total length of water column. To characterize fibers’ 

crosswise capacitive properties, we measured the capacitance of fiber devices with various 

water-column-length inside of the channel.   
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A 2.5-cm-long fiber segment was prepared the same way as we described in 2.3.2. 

The top and bottom silver paint were hooked up to a LCR meter (Hioki 3532-50 LCR 

HiTester). We measured the magnitude of impedance with frequencies swept from 50 Hz 

to 5 MHz.  

As we can see in Figure 2.9, device behaves pure capacitive at low frequency (< 1 

MHz). The capacitance increases as water-column-length increases. Insert shows the 

calculated capacitance as a function of water-column-length. The slope is found to be 23.4 

pF/cm, only 3% lower than our estimates from the channel geometry. 

 

 

Figure 2.9. Magnitude of impedance of a fiber segment filled with various water-

column-length. Inset shows the derived capacitance as a function of water-column-length.  
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Chapter 3:  Fiber Pumps 

In this chapter, we investigate fiber pumps integrate-able in microfluidics feedlines, 

which are enabled by electrowetting-on-dielectric (EWOD) actuation. Fiber pumps offer 

precise manipulation of liquid flow, with rapid flow response and predictable flow 

behaviors. We start our discussions with the motivation of in-line flow pumping. Then we 

introduce how our fiber devices can be used as pumps, and provide a lumped-element 

circuit model to estimate the maximum available pumping force. At last, we explore the 

possibility of dual-direction flow control, and demonstrate rapid flow response as well as 

predictable flow behaviors. 

3.1 MOTIVATION OF FIBER PUMPS 

One of the main reason for microfluidics’ popularity in life science and chemistry 

synthesis is its precise control of liquid down to picoliter level. [1] A flow control system 

is an essential component of any microfluidics system to enable precise manipulation of 

liquid flow. However, current widely used syringe pumps suffer from periodic pulsations 

and seconds-to-hours response time, especially at low flow rate and large flow systems. 

[23], [24] Other off-chip pumps also have their own weaknesses that prevent them from 

precise controlling liquid movement in microfluidic systems, such as the periodic 

pulsations of peristaltic pumps or undetermined flow rate in pressure controlled system. As 

a result, extra on-chip flow control is generally necessary for liquid manipulation down to 

picoliter level. [25], [26] 

In general, on-chip micropumps drive liquid either mechanically or electrically. 

[27] A mechanical micropump usually consists of a mechanical actuator to convert electric 

energy to mechanical work; while an electrical pump take advantage of electrical 

phenomena, such as electrohydrodynamics [28], [29], electrokinetics [30], and 
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electrowetting [31], [32]. Among various pumping principles, electrowetting-on-dielectric 

(EWOD) is particularly promising because of its low power consumption, simple structure 

and easy control. [33], [34] However, regardless of the various pumping mechanisms, on-

chip micropumps inevitably increase chip complexity, and hence reduce fabrication yield.  

Overall, these substantial drawbacks associated with existing pumps limit their 

applications in large-scale integration of microfluidics systems, which require many 

portable pumps without sacrificing chip complexity. Nevertheless, the need for large-scale 

inter-chip flow actuating makes it important to explore new structures for flow monitoring. 

3.2 MECHANISMS OF EWOD ACTUATION 

3.2.1 Thermodynamic approach 

Electrowetting refers to the technique to modify the wetting properties of a surface 

by applying a potential to it [35]. According to Lippmann-Young Equation, liquid contact 

angle θ is related to applied potential V by: 

cos 𝜃 = cos 𝜃0 +
1

2𝛾𝐿𝐺
𝑐𝑉2 (3. 1) 

where 𝜃0 is the contact angle at zero potential, γLG is the interfacial energy between liquid 

and gas, and c is the capacitance per unit area of the dielectric layer. The equation above is 

the direct result from general Gibbsian interfacial thermodynamics, and does not require 

the existence of an insulating layer. If bare electrode is used, c refers to the unit capacitance 

of the electric double layer that builds up. If EWOD is used, unit capacitance of the 

insulating layer dominates c.    

Thus, the pumping force in EWOD actuation originates from the contact angle 

difference between two open ends of a flow system. In Figure 3.1, the pulling force Fpull 

arises from surface tension, which equals the surface tension between liquid and gas γLG 
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multiplied by the length of contact line P. Fpull is same on both ends in Figure 3.1, but point 

to different directions. Combining those two pulling force, the net pumping force Fp 

becomes: 

𝐹𝑝 = 𝐹𝑝𝑢𝑙𝑙 ⋅ Δ cos 𝜃 =
1

2
𝑐𝑃𝑉2 (3. 2) 

 

 

Figure 3.1. Schematics for the mechanism of EWOD actuation. 

3.2.2 Electromechanical approach 

Previous discussion addresses pumping force from a thermodynamics approach, 

which can be difficult to find an estimate. Alternatively, we can calculate the available 

pumping force from an electromechanical approach, where we analogize pumping liquid 

to inserting a conductor plate into a parallel plate capacitor. As seen in Figure 3.2, the 

presence of a metal plate triggers a non-uniform electric field distribution, which 

sequentially causes a non-uniform Maxwell stress tensor around the surface of metal plate 

(see Figure 3.3). 
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Figure 3.2. Schematics for inserting metal plate into a parallel plate capacitor. 

 

 

Figure 3.3. Non-uniform distribution of stress tensor around half-inserted metal plate. 

Figure 3.3 reveals a horizontally symmetric distribution, as well as a vertically non-

symmetric distribution of stress tensor. The net electrostatic force points inward, i.e. an 

attractive force is applied on the conductor plate to pull it into the capacitor. We can 

calculate this attractive force by integrating stress tensor over the left and right surface, or 

simply using virtual work principle. By this method, we consider the virtual work dU that 

is required to pull the conductor plate into the capacitor by a small distance of dx. dU equals 

the change of stored electrostatic energy in the capacitor, which is related to the change of 

capacitance dC by the following equation: 

d𝑈 = 𝐹𝑝 ⋅ d𝑥 =
1

2
𝑉2 ⋅ d𝐶. (3. 3) 
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We rewrite the above equation for an expression of pumping force Fp.     

𝐹𝑝 =
1

2
(

d𝐶

d𝑥
) 𝑉2. (3. 4) 

Note that 
d𝐶

d𝑥
 represents the change of the capacitance as the conductor plate comes 

in (or liquid flows in). It matches one of fibers’ electrical properties that we characterized 

in 2.4.4. Thus, the electromechanical approach we discussed here offers an efficient way 

to estimate pumping force. 

The capacitance C in the above equation equals the unit capacitance c multiplied 

by the area of the capacitor 𝐴 = 𝑃 ⋅ 𝑥. Substituting that 𝐶 = 𝑐𝑃𝑥, the above equation 

reduces to results we arrived in 3.2.1. In other words, both equations agree with each other. 

Both thermodynamics approach and electromechanical approach reveal that 

creating a thin and uniform dielectric layer is crucial to EWOD devices. Thus previous 

research efforts are mainly focused on developing on-chop EWOD pumps, where such 

dielectric layer can be easily created by spin-coating. [33], [36]        

3.3 AVAILABLE FORCE OF EWOD ACTUATION 

In this section, we follow electromechanical approach to estimate available 

pumping force, which requires a better understanding of the change of capacitance as liquid 

flows in. To do so, we conduct a circuit model analysis for fiber electronics.  

3.3.1 Circuit model of fiber pumps  

The exceptional large aspect ratio makes fiber devices essentially a distributed 

system. A lumped-element circuit model is usually required to analyze such system. 

Fortunately, fiber pumps operate mostly under DC voltage and as capacitors, which means 

almost no current flows through the devices. In this case, a simple cross-sectional analysis 

can describe the system. 
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Figure 3.4 shows the cross-sectional circuit model for air and water-filled fiber 

pumps. Each model consists a few resistors and capacitors that represent different 

components such as CPE and water. A summary of descriptions and estimated values for 

those circuit elements is available in Table 3.1.    

 

   

Figure 3.4. Cross-sectional circuit model of air (left panel) and water (right panel) filled 

fiber pumps. 

Table 3.1. Descriptions and estimates for various components in cross-sectional circuit 

models.  

Symbols Descriptions Est. Values 

R1 Contact and lead resistance 0.5 kΩ⋅cm 

R2 CPE resistance 3 kΩ⋅cm 

R3 Water resistance 1-10 kΩ⋅cm 

C1 Dielectric layer capacitance 24 pF/cm 

C2 Air channel capacitance 0.15 pF/cm 

C3 Side wall capacitance 1 pF/cm 

 

By the circuit models in Figure 3.4, we express the overall impedance for air-fill 

fiber Za and water-filled fiber Zw as: 

𝑍𝑎 = 𝑅1 + 𝑅2 +
1

𝜔𝐶3 +
𝜔

1/𝐶1 + 1/𝐶2

; (3. 5) 
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𝑍𝑤 = 𝑅1 + 𝑅2 +
1

𝜔𝐶3 +
1

1
𝜔𝐶1

+
1

1/𝑅3 + 𝜔𝐶4

. (3. 6)
 

To simply the above expressions, we take a review of Table 3.1, and notice that 𝐶1 

is much greater than 𝐶2. 𝑍𝑎 can be reduced to:    

𝑍𝑎 = 𝑅1 + 𝑅2 +
1

𝜔𝐶3 + 𝜔𝐶2
; (3. 7) 

Furthermore, assuming devices always operate under DC or low frequency (𝑓 ≪

1 MHz), we have the following two inequalities: 

𝜔𝑅3𝐶4 ≤ 0.75𝑓 μsec ≪ 1; 
𝐶3

𝐶1
+ 𝜔𝑅3𝐶3 ≤ 0.042 + 0.06𝑓 μsec ≪ 1. 

By the two inequalities above, we simplify 𝑍𝑤 to: 

𝑍𝑤 = 𝑅1 + 𝑅2 + 𝑅3 +
1

𝜔𝐶1
; (3. 8) 

Now we can define effective resistance and effective capacitance for both air-filled 

and water-filled channel as follows: 

𝑅𝑎 = 𝑅1 + 𝑅2 

𝐶𝑎 = 𝐶2 + 𝐶3 

𝑅𝑤 = 𝑅1 + 𝑅2 + 𝑅3 

𝐶𝑤 = 𝐶1 

We can then interpret the impedance of air-filled and water-filled channel as a 

simple RC circuit connected in series. 

𝑍𝑎 = 𝑅𝑎 +
1

𝜔𝐶𝑎
; (3. 9) 

𝑍𝑤 = 𝑅𝑤 +
1

𝜔𝐶𝑤
; (3. 10) 

Note that here both 𝑍𝑎 and 𝑍𝑤 are impedance for a segment of unit length. For a 

segment of arbitrary length l, the above expressions need to be divided by l. Now consider 
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a fiber segment that is partially filled with water (length 𝑙𝑎) and partially air (length 𝑙𝑤), 

the overall impedance 𝑍𝑡 is equivalent to the parallel combination of both sections (see 

Figure 3.5 for details):  
1

𝑍𝑡
=

𝑙𝑎

𝑍𝑎
+

𝑙𝑤

𝑍𝑤
. (3. 11) 

Combing the three equations above, we arrive at the final expression for 𝑍𝑡: 

𝑍𝑡 =
1

𝑙𝑎

𝑅𝑎 + 1/𝜔𝐶𝑎
+

𝑙𝑤

𝑅𝑤 + 1/𝜔𝐶𝑤

. (3. 12)
 

  

 

Figure 3.5. (top panel) Schematic of fiber segment 50% filled with water; (middle 

panel) corresponding simplified circuit model; (bottom panel) a photograph of fiber 

segment 50% filled with water (yellow, color from Fluorescein Sodium soluble dye) 

We revisited the measurement results acquired in 2.4.4, and fitted them using the 

equation above. Figure 3.6 shows the measured results (left panel) together with fitted 

results (right panel). Nearly perfect fitting validates our circuit model. Table 3.2 lists all 

estimates and fitted values for each circuit components. The effective capacitance for both 

water and air are very close to our estimates from channel geometry. Device behaves 
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mostly capacitive over the frequency band in our measurements, leading to relatively larger 

error in the effective resistance values.     

 

 

Figure 3.6. (a) Measured and (b) fitted impedance of fiber pumps filled with various 

amount of water.  

Table 3.2. Estimates and fitted values for effective resistance and capacitance. 

Symbols Definitions Est. Values Fitted Values 

𝑅𝑎 𝑅1 + 𝑅2 3.5 kΩ⋅cm 16 kΩ⋅cm 

𝑅𝑤 𝑅1 + 𝑅2 + 𝑅3 4-15 kΩ⋅cm 5.3 kΩ⋅cm 

𝐶𝑎 𝐶2 + 𝐶3 1.15 pF/cm 1.01 pF/cm 

𝐶𝑤 𝐶1 24 pF/cm 23.4 pF/cm 

3.3.2 Estimation of pumping force 

In the scope of this thesis, fiber pumps only operate under DC source. As a result, 

we can ignore the resistance terms in the previous results, and derive out a new, much 

simplified equation for 𝑍𝑡. 

𝑍𝑡 =
1

2𝜋𝑓(𝐶𝑎𝑙𝑎 + 𝐶𝑤𝑙𝑤)
. (3. 13) 

Or, 

𝐶𝑡 = 𝐶𝑎𝑙𝑎 + 𝐶𝑤𝑙𝑤. (3. 14) 
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Here 𝐶𝑡 is the total capacitance since no resistive terms exist anymore. Substituting that 

water column length 𝑙𝑤 = 𝑥 and total segment length 𝐿 = 𝑙𝑎 + 𝑙𝑤, 𝐶𝑡 becomes:  

𝐶𝑡 = 𝐶𝑎𝐿 + (𝐶𝑤 − 𝐶𝑎)𝑥. (3. 15) 

Combing the equation above with the result from 3.2.2, we reach a final expression 

for pumping force: 

𝐹𝑝 =
1

2
(𝐶𝑤 − 𝐶𝑎)𝑉2. (3. 16) 

With the fitting values in Table 3.2, we estimate the pumping force to be: 

 1.12 nN at 1 V; 

 0.112 μN at 10 V; 

 11.2 μN at 100 V; 

 0.101 mN at 300 V; 

3.4 BI-DIRECTIONAL FLOW CONTROL 

3.4.1 Test setup for fiber pumps demonstration 

Figure 3.7 presents a schematic view of test setup for fiber pumps demonstration. 

A 10-cm-long fiber segment was prepared following the same procedure as described in 

2.4.4. The top and bottom silver paint were hooked with a high voltage power source 

(Stanford Research PS350) for a constant voltage supply. The position of liquid/air 

interface was recorded by a digital camera (Canon T2i) at 2-second intervals. Acquired 

images were processed in MATLA to extract water column length. 

As we can see in Figure 3.7, water reservoir is at a lower level than fiber pumps to 

establish a backflow when no voltage being supplied. A thin layer of low viscosity silicone 

oil (Sigma Aldrich) is applied to reduce the evaporation of water and enhance the 

reversibity of electrowetting. [37]–[39] 300 V voltage supply is powered on and off for 

three cycles to demonstrate dual-direction flow control covering a length of 20 mm. 



 26 

 

 

Figure 3.7. Schematic view of test setup for fiber pumps demonstration. 

Figure 3.8 shows a few examples of acquired image showing various amount of 

water (yellow, color from Fluorescein Sodium soluble dye) inside of the channel. We 

would like to extract the location of water/air interface, which is an edge detection problem 

in digital image processing. 

 

 

Figure 3.8. Acquired images showing water/liquid interface at various locations. 

3.4.2 Image processing in MATLAB 

Each of acquired images in Figure 3.8 originally contains 2592x1728 pixels. Each 

pixel consists of three integers of int8 type, indicating three color-spaces, i.e. red, green 

and blue (see Figure 3.9a). We first cropped the images to keep only the region with fibers 

(Figure 3.9b). Among the three color-spaces, we chosen to use blue intensity for image 

processing, which gives us the largest contrast because the absorption spectrum of soluble 

dye peaks at 460 nm. Then we converted obtained 2D array of integers to a new array of 

double type (Figure 3.9c). At the end, we calculated the weighting average along the 
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vertical direction by applying a Gaussian filter. Thus we arrived at 1D array of doubles, 

which would be later used for edge detection.   

 

 

Figure 3.9. Signal conditioning for image processing in MATLAB 

Sample code for signal conditioning is listed as follows: 

Figure 3.10 shows 500 examples of such 1D signal with liquid/air interface (or 

edge) aligned to the center. As we can see, air appears at a larger intensity comparing to 

water, because of the absorption of soluble dye in the water. All acquired curves are 

extremely noisy mainly due to the variation of illumination. As a result, we could not find 

a simple threshold of intensity to distinguish air from water. Instead, we applied a 

difference of box (DoB) filter to reduce the influence of noise.        

% read image file 

img_int = imread(filename); 

% keep only region with fiber 

% keep only blue intensity 

img_double = im2double(img_int(Fiber_H0:Fiber_H1, 

Fiber_W0:Fiber_W1, 2)); 

% generate Gaussian filter 

filter_gauss = gausswin(1+Fiber_H1-Fiber_H0); 

% apply the Gaussian filter 

signal = filter_gauss'*img_double; 
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Figure 3.10. Five hundred of examples of 1D array signal with edge aligned to the center. 

DoB filter is essentially a first order gradient filter, which converts an edge 

detection problem into maximum gradient seeking problem. The following equation shows 

how a DoB filter calculates the output. Basically, the sum of k values ahead and behind the 

current value are calculated independently, and then the difference of those two sums is 

used as the output.    

DOB<2𝑘+1>(𝑖, 𝑥) = ∑ 𝑥(𝑚)

𝑖−1

𝑚=𝑖−𝑘

− ∑ 𝑥(𝑚)

𝑖+𝑘

𝑚=𝑖+1

. (3. 17) 

In Figure 3.11, the top panel shows an example of DoB filter for the case of 𝑘=3 

and 𝑖=8. The bottom panel gives the response of such filter to an edge signal, as well as a 

random noise signal at similar amplitude. As we can see, edge signal results in an output 

~6 times greater than the output of random noise. Thus, DoB filter converts an edge to a 

spike at the output, and reduces the influences of random noise.  
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Figure 3.11. (top panel) An example of DoB filter for the case of 𝑘=3 and 𝑖=8; (bottom 

left panel) response of such DoB filter to an edge; (bottom right panel) response of such 

DoB filter to random noise. 

DoB filter allows to detect an edge in input signal by searching for the maximum 

points in output signal. However, it is also sensitive to noise in specific frequency range, 

especially around frequency of 1/(2𝑘+1). Figure 3.12 shows the frequency response, i.e. 

the filter output to sine-waves at various frequencies, of a DoB filter with a window size 

of 7 pixels. The filter output is as strong as 5 times of the strength of input signal at a 

frequency around 1/7 pixel-1. Fortunately, our edge signal of interest does not fall into this 

range. Therefore, we can apply a band-stop filter to suppress the output around frequency 

of 1/(2𝑘+1).    
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Figure 3.12. Frequency response of a DoB filter with a window size of 7 pixels. 

To eliminate the influences from noise, we designed a band-stop FIR filter with a 

stop band from 0.02 to 0.21 pixel-1 (Figure 3.13 left panel). The signal before and after 

filtered is presented in the right panel in Figure 3.13. Obviously, less noise presents in the 

filtered signal, while the edge still maintains sharp.  

 

 

Figure 3.13. Designed band-stop FIR filter (left panel) and signal before and after filtered 

(right panel). 
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Sample code for applying DoB and FIR filter is listed as follows: 

Figure 3.14 shows the noise floor created by 500 signals before (left panel) and 

after (right panel) applying band-stop FIR filter. We observed a ~5 dB drop on noise floor 

after filtered, which significantly reduces the frequency of false detection from once per 50 

images to once per 1000 images.   

 

 

Figure 3.14. Nosie floor before (left panel) and after (right panel) applying band-stop FIR 

filter. 

Overall, we developed an image processing algorithm to detect the interface 

between air and water. The algorithm mainly consists of three steps: signal pre-

conditioning, FIR filtering, and DoB filtering. For N images of w by h pixels, the 

computational complexity is estimated to be 100 ⋅ 𝑁𝑤ℎ. For a typical pumping test of 20k 

images, false detection occurs to less than 10 images. 

% create DoB filter 

filter_DoB = [1,1,1,0,-1,-1,-1]; 

% create FIR filter 

filter_FIR = fir_generate(0.02, 0.21); 

% apply both filters 

signal = conv2(signal, conv(filter_DoB, 

filter_FIR)); 
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3.4.3 Demonstration of bi-directional flow control 

With the image processing algorithm discussed earlier, we extracted the position of 

air/liquid interface in each image and plotted it against time in Figure 3.15. 300 V voltage 

supply was powered on and off for three cycles to demonstrate bi-directional flow control 

over 20-mm-long region. Green regions in lower panel highlight the status of power on, 

where active pumping is ongoing with a max velocity of 0.4 mm/s. White regions indicate 

the status when power is off, and fiber pumping is passively withdrawing liquid back to 

the reservoir. Red circles mark the instances of which the time-lapse images were captured, 

demonstrating a good match between the interface extracted by eyeballing and by image 

processing algorithms.     

 

 

Figure 3.15. Time-lapse photographs of fiber pumping at 1-minute interval (upper panel) 

and extracted position of air/liquid interface at 2-second interval (lower panel). 
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We zoomed in the green regions in Figure 3.15, and replotted it in Figure 3.16 right 

panel. By contrast, the same plot for syringe is also shown in Figure 3.16 left panel. As we 

can see, the initialization time for commonly used syringe pump is measured to be near 20 

seconds. However, it only takes fiber pumps sub-100-millisecond to initialize and finalize, 

thanks to its large ratio of working volume/device volume and its motorless structure.  

   

 

Figure 3.16. Initialization and finalization sections of (a) a syringe pump and (b) a fiber 

pump. 

3.5 PREDICTABLE FLOW BEHAVIORS 

3.5.1 Flow dynamics model for liquid pumping 

Fiber pumps are in essence pressure pumps, and follow Hagen-Poiseuille equation. 

[40] Volumetric pumping rate Q is proportional to pressure difference ΔP at two ends: 

𝑄 =
Δ𝑃

𝑅
=

𝐹

𝑅 ⋅ 𝐴
, (3. 18) 

where R is the flow resistance of fluidic channel, dominated by the connecting tube (1-cm-

long, 0.25-mm-ID) between fiber and reservoir. Pumping rate Q is proportional to flow 

velocity dx/dt, where x is water-column-length. The pressure difference ΔP consists of 

three major components: hydrostatic pressure from the height difference between fibers’ 
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entrance and liquid reservoir (ρgΔh); non-horizontal fiber orientation (ρgx⋅sinα); and the 

difference of contact angle (PA⋅γLG⋅Δcosθ). As a whole, ΔP can be expressed as P0 - LP1, 

where P0 accounts for the first and the third term, whereas LP1 represents the second term. 

Typically, hydrodynamic resistance R increases with longer water column. However, in 

our system, R is dominated by the connecting tube between fiber and reservoir, and hence 

remain constant R0. Overall, the equation above becomes: 

𝐴 ⋅
d𝐿

d𝑡
=

𝑃0 − 𝐿𝑃1

𝑅0
, 

d𝐿

𝑃0 − 𝐿𝑃1
=

d𝑡

𝑅0 ⋅ 𝐴𝑟𝑒𝑎
. (3. 19) 

Integrating both sides of the equation above, we arrive at the governing equation 

for liquid pumping: 

𝑡 − 𝑡0 = (−
𝑅0𝐴

𝑃1
) ln(𝑃0 − 𝐿𝑃1) . (3. 20) 

Note that even for the same fiber pump, we might observe different liquid driving 

curves due to slight changes on test setup. For example, a change of fiber orientation from 

0 to 1 degree upwards would cause an increase of P1 from 0 to 1.7 Pa/cm. Figure 3.17 

illustrates several liquid pumping curves with different parameters. As we can see, only 

10% change on any of three parameters can significantly shift the liquid driving curves. 

And those changes will further pass down to change the shape of operation region, as we 

will discuss in next section. 
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Figure 3.17. Liquid pumping curves with different parameters. 

3.5.2 Discussions on liquid pumping curves at 300 V 

The three liquid pumping curves at 300 V (see Figure 3.15) agree with the flow 

dynamics model we discussed in 3.5.1. Figure 3.18 shows the near-perfect match between 

measured and fitted liquid pumping curves: 

𝑡 − 𝑡0 = −1.66 × ln(30.89 − 0.41 × 𝐿) . (3. 21) 

 

  

Figure 3.18. Measured (dots) and fitted (line) liquid pumping curves using derived flow 

dynamics model.  

Comparing the formula above with the flow dynamics model we discussed in 3.5.1, 

fiber pumps offers a pumping pressure of at least 30.89 Pa at 300 V, without considering 
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withdrawing pressure at 0 V. As liquid pumps into fiber, there is a constant pressure loss 

of 0.41 Pa/mm, corresponding to a 2.4o upward orientation of fiber. To eliminate the 

withdrawing pressure from pumping pressure, we need to conduct multiple liquid pumping 

tests at various voltage. 

3.5.3 Discussions on liquid pumping curves at various voltages 

To eliminate the withdrawing pressure from pumping pressure, we measured liquid 

pumping curves at various voltage. As we can see in Figure 3.19, pumping velocities 

inevitably increases as applied voltage increases, until reaches saturation after 300 V. All 

liquid driving curves are fitted using the flow dynamics model we discussed in 3.5.1 with 

only 𝑃0 values different. The fitted curves all follow the equation below: 

𝑡 − 𝑡0 = −12.5 × ln(𝑃𝑉 − 0.093 × 𝐿) . (3. 22) 

 

 

Figure 3.19. Measured (dots) and corresponding fitted (lines) liquid pumping curves at 

different voltage 

Here 𝑃𝑣 indicates the available pumping pressure when no liquid has filled in the 

pump, which follows a quadratic dependence to pumping voltage. By taking the derivative 

of the equation above with respect to time t, initial pumping velocities at 0 mm 𝑣0 can be 
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derived as 𝑃𝑉/(12.5 × 0.093) . As we mentioned before, 𝑃𝑉  consists of hydrostatic 

pressure from height difference, as well as contact angle difference (electrowetting). The 

first term is a constant, whereas the second term follows a quadratic dependence to voltage 

(see 3.2.2 for details). As a results, we can express the initial velocity 𝑣0 as a function of 

voltage: 

𝑣0 = 0.86𝑃Δℎ +
0.43

𝐴
(

d𝐶

d𝑥
) 𝑉2, (3. 23) 

where 𝑃Δℎ  is hydrostatic pressure from height difference between fiber pump and 

reservoir, and A is channel area. 

Figure 3.20 shows the measured initial velocities 𝑣0  as a function of voltage 

square 𝑉2 . At low voltage less than 280 V, the linear relation between velocity and 

voltage2 is clearly seen, which validate the equation above. As voltage goes up, velocity 

reaches saturation around 300 V. Overall measured velocity-voltage2 curve in Figure 3.20 

follows the same trend as well-studied contact angle saturation curves [41], [42], indicating 

the close connection between liquid pumping and meniscus shape.     

 

 

Figure 3.20. Initial pumping velocities at 0 mm as a function of voltage square. Red 

triangle symbol indicates unsteady pumping, as detailed in the inset figure. 
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Extrapolating the linear trend between 220 V and 280 V to intercept x-axis, the 

minimum driving voltage is obtained as 180 V. Thus we calculated the backflow pressure 

at 0 V (𝑃Δℎ) to be -14 Pa, which is equivalent to a height difference of 1.43 mm between 

fiber and water reservoir. For practice, a minimum driving voltage of 220 V is required to 

ensure a steady flow due to contact angle hysteresis [43], [44] and contact line pining [45] 

(Figure 3.20 inset). 

3.5.4 Operation regimes of fiber pumps 

The flow dynamics model we discussed in 3.5.1 has predicted that fiber pumps can 

only pump liquid to a certain distance 𝐿𝑚𝑎𝑥, when fiber pumps have an upward orientation 

(𝑃1>0). Beyond 𝐿𝑚𝑎𝑥, backflow pressure overwhelms pumping pressure. Other than the 

applied voltage, the value of 𝐿𝑚𝑎𝑥 is also related to test setup, and can be calculated easily 

after we obtain liquid driving curves. For example, 𝐿𝑚𝑎𝑥 equals 75.3 mm for the case 

discussed in 3.5.2.  

The existence of 𝐿𝑚𝑎𝑥 , together with saturation voltage and minimum driving 

voltage, define the operation regimes of fiber pumps. Figure 3.21 presents an illustration 

of operation regimes using results from 3.5.3. There are four regions in total in this 

diagram: saturation region, sub-threshold region, pumping region and backflow region. 

Liquid cannot be precisely controlled in sub-threshold region (below 220 V) or saturation 

region (above 300 V). At a pumping voltage of 220 V, we can precisely manipulate liquid 

flow between 0 and 12 cm. A higher pumping voltage allows us to have control over a 

wider range until the saturation is reached at 300 V. Overall, the minimum driving voltage 

of 220 V is still high for a lot of biomedical applications. To further explore the possibility 

of low-voltage pumping, we can use low-flow-resistance connecting tubes, as well as 

hydrophobic dielectric spacer to replace silicone oil. 
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Figure 3.21. Operation regimes of fiber pumps.   

To summarize this chapter, we have reported integrated fiber pumps for precise 

flow control in microfluidics applications, with sub-100-ms flow response and predictable 

flow behaviors. Bi-directional flow control was demonstrated with the maximum charging, 

discharging flow rate of 12 uL/min (or 0.4 uL/min) and pumping pressure of 45 Pa. 

Adjustable pumping velocities between 0.16 to 0.44 uL/min were also observed by 

controlling the potential from 220 to 300 V. Comparing to syringe pumps, our fiber pumps 

exhibit less than one hundredth of response time, and much more reliable flow behaviors 

without oscillations. This new form pumps open up many new opportunities for multi-

target optic/chemical analysis and large-scale microfluidics integration. 
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Chapter 4:  Fiber Flow Sensors 

In this chapter3, we investigate fiber flow sensors that overcome the fundamental 

trade-off between sensitivity, pressure drop, measurement range, and temperature rise. 

Significant performance improvement over conventional MEMs sensors are achieved with 

the use of multi-segment structures and novel thermistor materials, both made available by 

multimaterial fiber process. We develop a first-order 1D heat transfer model to resolve the 

temperature response of hot films adjacent to ultra-long fiber fluidics channel. The 

improved sensitivity as well as extended measurement range, as predicted by the 1D 

analytic model, are also corroborated by numerical simulations and experiments.  

4.1 MOTIVATION OF FIBER PUMPS 

Thermal flow sensors have been widely used for precision flow monitoring in 

microfluidic systems, [46], [47] such as systems with flow cytometry and viscometry. [47], 

[48] They operate by deriving flow rates from the local temperature distribution of a 

streaming fluid near a heater (i.e. hot wire or hot film sensors). With no parts in fluid 

channel interfering liquid flow, their simple structures are readily integrated in MEMs 

devices and give rise to their popularity. Comparing to various other mechanisms of flow 

sensing, thermal flow sensing excels in sensitivity and power consumption, characteristics 

especially important in microfluidics applications. [47], [49] However, their relatively 

simple structures also impose a fundamental limit on measurement range, typically around 

two decades. [50], [51] What’s worse, their high sensitivity (e.g. 1 mV/(μL⋅min-1)) relies 

on the use of small fluidic channels (typically less than 100 μm in size), which inevitably 

leads to large pressure drop (e.g. 500 Pa/mm at 100 μL⋅min-1). [22], [51], [52] Such large 

                                                 
3 Part of the content of this chapter has previously been published in Chen, Boxue, Corey Kwok, Thien‐
An Ngoc Nguyen, and Zheng Wang. "Integrated Fiber Flow Sensors for Microfluidic Interconnects." 

Advanced Materials Technologies 3.11 (2018): 1800175.[15] Co-authors have participated extensively in 

experiment methods, and have contributed in reviewing the final manuscript. 
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pressure drop makes it challenging to monitor the multidecade flow range (e.g. 1-1000 

μL⋅min-1 [53]–[55]) in fluidic interconnects between microfluidics chips. 

The inherent trade-off among measurement range, pressure drop, and sensitivity 

directly results from the thermodynamics of flow sensors. High flow sensitivity requires 

establishing a thermal boundary layer in fluids of a comparable size to the dimensions of 

the heater. [56] Given that the thickness of thermal boundary layer is proportional to the 

channel size and inverse to the square root of volumetric flow rate, small channels sizes of 

tens of micrometer are required for high sensitivity at small volumetric flow rates [56], 

[57]. Since pressure drop is inversely proportional to the fourth power of the hydrodynamic 

diameter of the channel [21], such small channels cause pressure drop as large as few Pascal 

per microliter per minute [22]. With the thickness of thermal boundary layer inverse to the 

square root of volumetric flow rate, the fixed sizes and locations of the heaters further limit 

the measurement range to around two decades. [47], [50], [51]  

Overall, such substantial trade-off associated with existing thermal flow sensors 

makes them challenging to be used for flow monitoring at microfluidic interconnect, and 

limits the scale and sophistication of large-scale microfluidics systems. [46] It is thus 

important to explore new thermal flow sensor structures and materials that simultaneously 

offer minimum pressure drop and extended measurement range, without sacrificing 

sensitivity.                 

4.2 MECHANISMS OF THERMAL FLOW SENSORS 

4.2.1 Thermal flow sensors and their typical response 

Thermal flow sensors operate by adding localized heat to a streaming fluid, and 

measure the resulting temperature distribution around the heater (see Figure 4.1). Typical 

thermal flow sensors fall into three categories: anemometers where a single element is used 
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as both the heater and the sensor; calorimetric flow sensors where two sensors are placed 

downstream and upstream the heater; and time-of-flight sensors where one heater is used 

to add a heat pulse and at least one downstream sensor is used to measure the time between 

heat pulse generation and detection. In this section, we mainly focus on the first two 

categories since time-of-flight utilize a very different measurement strategy.    

 

 

Figure 4.1. Schematics for the mechanism of thermal flow sensors. 

The response of thermal flow sensors is closely tied up with the evolution of 

boundary layer, which refers to a region with a large gradient in velocity (hydrodynamic 

boundary layer) or temperature field (thermal boundary layer). The main difference 

between anemometers and calorimetric flow sensors is the ratio of hydrodynamic boundary 

layer thickness to the streamwise extension of the sensor. For anemometers, this ratio is 

much less than 1 (𝛿≪1), whereas for calorimetric flow sensors it is much greater than 1. 

As a result, anemometers response linearly to the square root of flow velocity, while 

calorimetric sensors response linearly to flow velocity. 

Figure 4.2 shows typical responses of an anemometer and a calorimetric flow 

sensor. As we can see, anemometers response towards a lower voltage as velocity goes up, 

and get saturated around 10 m/s. The temperature response of anemometers can be derived 

from total injected heat Q and total heat dissipation rate of 𝛼+𝛽√𝑈, where 𝛼 denotes 

conductive heat dissipation rate and 𝛽√𝑈 refers to convective heat dissipation rate: 
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𝑇 − 𝑇0 =
𝑄

𝛼 + 𝛽√𝑈
. (4. 1) 

 

 

Figure 4.2. Typical responses of two thermal flow sensors: (left panel) anemometers; 

(right panel) calorimetric flow sensors.     

Calorimetric flow sensors, however, mostly operate at much lower velocities. Its 

response splits into two regions: a linear response region, and a decline region. The 

response curve peaks when thermal boundary layer thickness equals the streamwise 

extension of the sensor, which can found by [56]: 

𝑄𝑚𝑎𝑥 = 𝐴 ⋅
2𝐷𝑇

𝑙
. (4. 2) 

Typically, people only use the linear response region for device operation, which 

ends when the thermal boundary is comparable to the streamwise extension of the sensor.  

4.2.2 Inherent trade-off among sensitivity, pressure drop and measurement range 

Ideal thermal flow sensors exhibit large sensitivity, wide measurement range and 

low pressure drop simultaneously, which is extremely challenging due to the inherent 

trader-off among those parameters. Specially, this trade-off consists of two arguments: 

firstly existing thermal flow sensors rely on small channels to achieve high sensitivity, 

which evidently causes large pressure drop; secondly the temperature rise of thermal flow 
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sensors, which approximately equals the product of sensitivity and measurement range, is 

usually limited. In this section, we will address both arguments in more details. 

The sensitivity of existing thermal flow sensors typically are directly related to flow 

velocity U. Thus when considering the sensitivity for volumetric flow rate 𝑄 (𝑄=𝐴𝑈), 

small channels help to achiever larger sensitivity (𝑆=Δ𝑇/(𝐴Δ𝑈)). Taking an anemometer 

for example, we express its sensitivity based on its response curve given earlier: 

𝑆 =
Δ𝑇

𝐴Δ𝑈
=

𝛼𝛽Δ𝑇

2(𝛼 + 𝛽√𝑈)
2

√𝑈
. (4. 3) 

Its sensitivity peaks at zero flow rate. Take the limit of the equation above as 𝑈 

approaches to zero, we arrive at the maximum sensitivity for anemometer:  

𝑆𝑚𝑎𝑥 =
1

𝐴0.5
⋅

𝛽Δ𝑇

2𝛼√𝑄
. (4. 4) 

The results shows that the sensitivity of anemometer is inverse to the square root 

of channel area. Similarly, for a calorimetric sensor, the sensitivity equals the ratio of 

temperature rise Δ𝑇 to the range of linear region 𝑄𝑚𝑎𝑥: 

𝑆 =
Δ𝑇

𝑄𝑚𝑎𝑥
=

1

𝐴
⋅

𝑙Δ𝑇

2𝐷𝑇
. (4. 5) 

Basically, the sensitivity of either anemometers or calorimetric sensors increases as 

we shrink the channel size. However, shrinking channel size is highly unfavorable when it 

comes to pressure drop. For laminar flow, the pressure drop is inverse to the square of 

channel area: 

Δ𝑃 =
1

𝐴2
⋅ 8𝜋𝜇𝐿𝑄, (4. 6) 

where 𝜇  is fluid dynamic viscosity and L is channel length. For typical micro-size 

channels of 100-μm-ID and 1-cm-length, MEMs sensors brings an extra pressure drop as 

high as 6000 Pa at 100 μL/min. Such large pressure drop absolutely limits the number of 

flow monitoring units that can be cascaded in large-scale microfluidics systems.   
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Other than high pressure drop, high sensitive flow sensors are also limited in their 

dynamic range. For anemometers, their sensitivity decreases very fast as moving into high 

flow velocities. Table 4.1 lists the average sensitivity of anemometer for various response 

regions, as predicted by its response curve. As we see from the table, the sensitivity drops 

to only one sixteenth as flow rate moves to next decade, and continues to drop to less than 

one hundredth as flow rate moves from 0~1 to 9~49. 

Table 4.1. Average sensitivity of anemometers in various response regions.  

Response Range 

(unit: ΔT) 

Flowrate Range 

(unit: 𝑨 ⋅ (𝜶/𝜷)𝟐) 

Avg. Sensitivity 

(unit: 𝜷𝟐𝚫𝑻/(𝜶𝟐𝑨)) 

0.5~1 0~1 1/2 

0.25~0.5 1~9 1/32 

0.125~0.25 9~49 1/320 

Calorimetric sensors also suffers the limitation of measurement range. In general, 

they operate at much lower flow rate comparing to anemometers. Their measurement range 

is limited by the width of linear region, as shown in Figure 4.2, which ends at the point 

where thermal boundary layer spreads to the end of the streamwise extension of sensors.  

Overall, both forms of thermal sensors are subject to the trade-off among 

sensitivity, pressure drop and measurement range. In later sections of this chapter, we 

employ unconventional thermistor materials CPE to break the trade-off between sensitivity 

and pressure drop. Then we construct a novel multi-segment structure to decouple the 

trade-off between sensitivity and measurement range.  

4.3 BENEFITS OF NEW THERMISTOR MATERIAL: CPE  

To decouple the trade-off between sensitivity and pressure drop, we need to 

consider other methods to boost sensitivity without shrinking channel sizes. The sensitivity 

(𝑆=Δ𝑉/Δ𝑄) of thermal flow sensors breaks into two components, a device related factor 
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(Δ𝑇/Δ𝑄) and a material related factor (Δ𝑉/Δ𝑇). Previous research efforts have been mostly 

focused on the optimization of first factor, where numerous device geometries and 

operation regimes have been proposed. Without change device geometries, Bársony et. al. 

reported using greater temperature rise (100~500 oC) to increase the sensitivity of thermal 

flow sensors. [58] This method, although very effective, is extremely unfriendly to many 

biomedical applications, which only tolerate limited temperature rise of less than 40 K [59]. 

Instead, we decide to take a different approach, the first time implementation of conductive 

polymeric films CPE in thermal flow sensors to boost Δ𝑉/Δ𝑇. The resistivity of thermistor 

materials is often described by temperature coefficient of resistance α (TCR), which 

denotes the relative change of resistance d𝑅/𝑅 with a given change of temperature d𝑇. 

Thus, under constant current mode, we rewrite the sensitivity as: 

𝑆 =
Δ𝑉

Δ𝑇
⋅

Δ𝑇

Δ𝑄
= 𝛼𝐼𝑅0 ⋅

Δ𝑇

Δ𝑄
. (4. 7) 

The equation above reveals that sensitivity is proportional to TCR value, as well as 

nominal resistance. Thus, a new thermistor material with much greater TCR value and 

nominal resistance could significantly improve the sensitivity without sacrificing channel 

dimensions.    

CPE films conduct electrons through two mechanisms: physical contact (low 

electrical resistance) of carbon black particles (CBs) and tunneling (high resistance) 

between two close but separated CBs (see Figure 4.3 left panel for details). [20] 

Consequently, thermal expansion significantly influence its conductivity by changing the 

average between CBs. As we have measured in 2.4.3, CPE provides a nominal sheet 

resistance of 6.3 kΩ/□, ~10 million times greater than that of metals (e.g. gold) [47], as 

well as a TCR constant of 0.091 K-1, ~20 times greater than that of metals. The right panel 

in Figure 4.3 shows how the relative resistivity of CPE rockets up while metal films only 
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change a little. By the equation given above, CPE could offer 200 million greater sensitivity 

than metal films in MEMs sensors with the same geometry, although MEMs sensors 

usually use thinner films and smaller channels.   

  

 

Figure 4.3. (left panel) Two conductivity mechanisms of CPE: physical contact (blue 

path) and tunneling (orange path); (right panel) relative change of resistivity as respect to 

temperature change for CPE and several metal films. 

4.4 DEMONSTRATION OF FLOW MONITORING 

4.4.1 Test setup for fiber flow sensors demonstration 

Figure 4.4 presents a schematic view of test setup for fiber flow sensors 

demonstration. We prepared a 5-cm-long fiber flow sensors from as-drawn fibers by 

following the procedures as described in 2.4.3. Two surface contacts were constructed that 

bracket a 2-mm-long sensing area. The fiber segment was suspended in air to emulate the 

typical thermal environment of microfluidic feed lines. Steady-state flow rates from 5 to 

1000 μL/min was established with a syringe pump (Kent Scientific GenieTouch). The fiber 

sensor was driven in constant-DC-current mode from a power supply (LKB Bromma 2197) 

through the metal wires near the opposite ends of the sensing area. Voltage response of 
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fiber sensors were recorded using a NI MyDAQ (195509F-01L), and temperature 

responses were measured by a thermal camera (FLIR E60) located 30 cm above the sensor. 

Sampling rate for temperature and voltage recording are 30 Hz and 1 Hz, respectively. The 

entire test setup was sealed in a 50x60x70 cm plastic enclosure to minimize the temperature 

fluctuation from air currents.     Figure 4.4  

 

 

Figure 4.4. Schematic view of test setup for fiber flow sensors demonstration 

4.4.2 Measurement uncertainty 

The uncertainty of flow rate is calculated from the RMSE of fitting 𝑄𝑠/𝑄𝑚 to be 

1, where 𝑄𝑠 is the set value of flow rate on syringe pump and 𝑄𝑚 is the measured value 

of flow rate calculated from the oscillation frequency of pump motor, which translates into 

the measurable oscillation of temperature and voltage signal. 

Measured temperature and voltage response contains low-frequency oscillation 

signals, which are eliminated by a high pass filter with a cut-frequency at 35 times the 
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oscillation frequency of pump motor. Afterwards, the uncertainty of temperature and 

voltage measurements are determined by 3 times the standard deviation of filtered signals.  

4.4.3 Response of fiber flow sensors 

Figure 4.5 shows measured temperature and voltage response of fiber flow sensors. 

With a heating current of 1.67 mA and the temperature for ambient air and incoming liquid 

both at 24 oC, fiber flow sensor exhibits a linear dependence on flow rate between 0 and 

20 μL/min. Temperature and voltage sensitivity are measured to be -0.47 K/( μL⋅min-1) and 

-0.38 V/(μL⋅min-1), respectively, with the latter being a record for thermal flow sensors to 

the best of our knowledge. Considering fiber sensors using only 20-degree temperate rise 

and 9-Pa pressure drop, fiber flow sensors vastly outperform state-of-the-art MEMs flow 

sensors (see Table 2.1 for details).[22], [58] Beyond 20 μL/min, both temperature and 

voltage response saturate, which indicates a limited measurement range yet to be extended. 

To better understand such saturation and extend the measurement range of fiber flow 

sensors, we developed a first-order heat transfer model to describe the temperature 

response of fiber flow sensors.   

 

 

Figure 4.5. Temperature (left panel) and voltage (right panel) responses of fiber flow 

sensors. 
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4.5 FIRST-ORDER TEMPERATURE RESPONSE THEORY 

4.5.1 Temperature response of a single-segment sensor 

Fiber flow sensors operate in constant-current mode. At equilibrium, heat 

generation rate equals heat dissipation rate. For a given current I, CPE film produces a 

temperature-dependent Joule heating of I2R(T), where R(T) is the electrical resistance of 

CPE at temperature T. The heat dissipation consists of two mechanisms: conductive 

cooling through fiber cladding into ambient air and the metal wires that interface the fiber 

sensor to the external circuits, and convective cooling into the streaming liquid inside of 

the channel. We arrive at a closed-form solution to the temperature response of fiber 

sensors by making the following simplifications: 

1. We linearize the temperature-dependent resistivity near a constant sensor 

temperature T’ (T’ will be defined later in Equation S8), from 

𝑅(𝑇) = 𝑅0 ⋅ (0.087 ⋅ 𝑒0.091⋅(𝑇−25) + 0.91) 

to 

𝑅(𝑇) = 𝑅(𝑇′) + 𝛼 ⋅ 𝑅(𝑇′) ⋅ (𝑇 − 𝑇′) 

For the test of a single-segment sensor, 𝑇′ is 45 oC and α is 0.034; whereas for 

the test of a six-segment sensor, 𝑇′ is 40 oC and α is 0.025. This simplification 

introduces an error less than 9% over the entire temperature range (24-45 oC), 

and less than 3% within the sensitive region (35-45 oC). 

2. We approximate the temperature distribution of the liquid, Tliquid(x), along the 

axial direction of a fiber segment of length l, to be a linear function of x, 

interpolated from the liquid temperatures at the entrance Tin and the exit Tout. 

𝑇liquid(𝑥) = 𝑇in + (𝑇out − 𝑇in) ⋅ 𝑥/𝑙 
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This linear approximation is sufficiently good for sensor segments less than 2 

mm long. More accurate results for both shorter and longer segments will 

discussed later in next chapter. 

3. We assume the temperature of CPE hot film within a segment is constant. 

Consider a sensor segment with liquid at rest (zero flow rate), Joule heating is 

dissipated entirely through conductive cooling into the PC cladding (green arrows in Figure 

4.6) and the liquid (purple arrow in Figure 4.6). Our one-dimensional theory uses two 

constants, total heat transfer rate H0 and heat transfer rate through PC cladding H1, to 

describe those two paths of heat dissipation, therefore reducing a 3D problem into 1D 

problem: 

𝐻0 = ∫ℎ0
𝑆

d𝑆 = 𝑙 ∫ℎ0
𝑃

d𝑃 

𝐻1 = ∫ℎ1
𝑆

d𝑆 = 𝑙 ∫ ℎ1
𝑃

d𝑃, 

where ℎ0 and ℎ1 are heat transfer coefficient (W/(m2K)) for 𝐻0 and 𝐻1, respectively. 

The integration over the perimeter of the hot-film ∫ ℎd𝑃
𝑃

 is treated as a constant because 

of the identical cross-sections of fiber sensors, and hence both 𝐻0  and 𝐻1  are 

proportional to hot-film length l. Hot-film temperature reaches its maximum 𝑇0 at zero 

flow rate, 

𝐼2𝑅(𝑇0) = 𝐻0(𝑇0 − 𝑇𝑅𝑇), (4. 8) 

allowing 𝐻0  to be determined from measured zero flow temperature 𝑇0 , room 

temperature 𝑇𝑅𝑇, and injected current I. 
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Figure 4.6. Two paths of heat conductive dissipation: through PC cladding (green 

arrows) and through liquid inside of fluidic channel (purple arrow). 

At a non-zero flow rate, flow-rate dependent convective cooling needs to be 

considered. For a given flow rate Q, film temperature Tx(Q) is determined by solving the 

equation: 

𝐼2𝑅(𝑇𝑥(𝑄)) = 𝐻1 ⋅ (𝑇𝑥(𝑄) − 𝑇𝑅𝑇) +
𝑁𝑢

𝐷
⋅ 𝐾 ⋅ (𝑇𝑥(𝑄) − 𝑇𝑙𝑖𝑞𝑢𝑖𝑑(𝑄)) , (4. 9) 

where K is a flow-rate-independent constant that characterizes the heat conduction rate 

from film to the liquid. Nu is Nusselt number, i.e. the ratio of convective to conductive heat 

transfer rate. D is the hydrodynamic diameter of fluidic channel, and approximately equals 

2wh/(w+h) for a rectangular channel. Note that a different constant H1 is used here in place 

of H0 in Eq. 4.8 for the direct heat transfer from hot film to PC cladding, since H0 also 

includes the conductive heat transfer through the liquid to PC cladding (see Figure 4.6).  

To simplify our derivation, we define an effective zero-flow temperature 𝑇′: 

𝑇′ ≡ 𝑇0 +
(𝐻0 − 𝐻1) ⋅ (𝑇0 − 𝑇𝑅𝑇)

𝐻1 − α ⋅ 𝐻0 ⋅ (𝑇0 − 𝑇𝑅𝑇)
, (4. 10) 

which leads to a helpful relation similar to Equation 4.8 but with 𝐻0 replaced by 𝐻1, 

𝐼2𝑅(𝑇′) = 𝐻1 ⋅ (𝑇′ − 𝑇𝑅𝑇). (4. 11) 

Of the convective heat loss into the liquid (the second term of the right-hand side 

of Eq. 4.9), only a fraction η is absorbed by the liquid and contributes to its temperature 

rise from entrance temperature Tin to exit temperature Tout. 



 53 

𝜂 ⋅
𝑁𝑢

𝐷
⋅ 𝐾 ⋅ (𝑇𝑥 − 𝑇𝑙𝑖𝑞𝑢𝑖𝑑(𝑄)) = 𝑄 ⋅ 𝐶𝑝,𝑣 ⋅ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) (4. 12) 

Substituting Eq. 4.12 into the second term of the right-hand side of Eq. 4.9, we 

arrive at: 

𝜂 ⋅ (𝐼2𝑅 − 𝐻1(𝑇𝑥 − 𝑇𝑅𝑇)) = 𝑄 ⋅ 𝐶𝑝,𝑣 ⋅ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛). (4. 13) 

The film temperature 𝑇𝑥 at a given flow rate Q can then be solved as: 

𝑇𝑥 =
(0.5𝜂𝑁𝑢𝐾 + 𝑄𝐶𝑝,𝑣𝐷)(𝐼2𝑅(𝑇𝑥) + 𝐻1𝑇𝑅𝑇) + 𝑄𝐶𝑝,𝑣𝑁𝑢𝐾𝑇𝑖𝑛

(0.5𝜂𝑁𝑢𝐾 + 𝑄𝐶𝑝,𝑣𝐷)𝐻1 + 𝑄𝐶𝑝,𝑣𝑁𝑢𝐾
. (4. 14) 

In fiber flow sensors, H1 is mostly limited by free heat convection to air, and 

(Nu/D)⋅K represents the forced heat convection to liquid. Hence, (Nu/D)⋅K is much greater 

than H1. Thus Eq. 4.14 can be written as 

𝑇𝑥 =
0.5𝜂𝐻1(1 − α ⋅ (𝑇′ − 𝑇𝑅𝑇)) ⋅ 𝑇′ + 𝑄𝐶𝑝,𝑣 ⋅ 𝑇𝑖𝑛

0.5𝜂𝐻1(1 − α ⋅ (𝑇′ − 𝑇𝑅𝑇)) + 𝑄𝐶𝑝,𝑣

. (4. 15) 

To further simplify this expression, we define a saturation flow rate 𝑄0 as: 

𝑄0 ≡
0.5𝜂𝐻1(1 − α ⋅ (𝑇′ − 𝑇𝑅𝑇))

𝐶𝑝,𝑣
=

0.5𝜂𝑙 ∫ ℎ1𝑃
d𝑃(1 − α ⋅ (𝑇′ − 𝑇𝑅𝑇))

𝐶𝑝,𝑣
. (4. 16) 

Here 𝑄0 represents the transition flow rate between linear regime and saturation 

regime, which will be clear in later discussions. Hence, Equation S13 becomes a simple 

expression: 

𝑇𝑥(𝑄) = 𝑇′ −
𝑄/𝑄0

(1 + 𝑄/𝑄0)
⋅ (𝑇′ − 𝑇𝑖𝑛). (4. 17) 

It is worth noting that for low flow rates, η becomes strongly dependent on flow 

rate, which causing Q0 also be Q-dependent. Our one-dimensional theory here assumes a 

largely Q-independent η, and thus its accuracy requires the following minimal flow rate 

(according to finite-element analysis): for a single-segment sensor, Q0 can be treated as Q-
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independent when flow rate is greater than 5 uL/min; for an eight-segment sensor, flow 

rate needs to be greater than 5 (for Segment #2) to 20 uL/min (for Segment #7).  

Eq. 4.17 predicts three regimes in the temperature response of fiber flow sensors: a 

dead regime when Q→0; a linear regime when Q≪Q0; and a saturation regime when 

Q≫Q0. 

Regime 1: dead regime 

At near zero flow rate (Q→0), practically all of the heat flux into the liquid 

dissipates into unheated cladding materials (η→0). The sensor exhibits nearly zero 

temperature sensitivity. 

Regime 2: linear regime 

At the low flow rate limit (0≪Q≪Q0), Tx is proportional to flow rate Q. 

𝑇𝑥(𝑄) = 𝑇′ − 𝑇𝑖𝑛 ⋅ 𝑄/𝑄0. (4. 18) 

The transition between dead regime and linear regime is defined by the flow rate 

where the linear response curve intersects the zero-flow sensor temperature (T0 = T’-

Tin⋅Q/Q0), which is solved as: 

𝑄min =
𝑇′ − 𝑇0

𝑇𝑖𝑛
𝑄0. (4. 19) 

Regime 3: saturation regime 

At the high flow rate limit (Q≫Q0), Tx gradually approaches the entrance 

temperature of liquid Tin. The transition between linear regime and saturation regime 

locates at the saturation flow-rate Q0, where sensor temperature can be determined by: 

𝑇1/2 ≡ 𝑇𝑥(𝑄0) = 0.5 ⋅ (𝑇′ + 𝑇𝑖𝑛). (4. 20) 

The saturation occurs when the convective cooling far exceeds the conductive 

cooling and the thermal boundary layer extends beyond the streamwise extension of the 



 55 

sensor. [56] Eq. 4.16 reveals that the saturation flow rate 𝑄0 can be increased with longer 

sensors, although one has to sacrifice temperature sensitivity (dT/dQ) for a given 

temperature rise (𝑇′-𝑇𝑖𝑛). 

Fortunately, we can decouple this fundamental trade-off between flow sensitivity 

and the saturation flow rate by partitioning a long hot film into multiple, independent 

segments, allowing high sensitivity at various flow rates to be measured off different 

segments. To understand this multi-segment structure, we extended our first order 

temperature response theory for multi-segment sensors. 

4.5.2 Temperature response of a multi-segment sensor 

Furthermore, we can extend our previous model to solve the temperature response 

recursively for a sensor consists of N consecutive segments. The film temperature at 

segment i, 𝑇𝑥
(𝑖)

, can be expressed by Eq. 4.17 as: 

𝑇𝑥
(𝑖)

= 𝑇′ −
𝑄/𝑄0

(1 + 𝑄/𝑄0)
⋅ (𝑇′ − 𝑇𝑖𝑛

(𝑖)
). (4. 21) 

Note that the entrance temperature of liquid 𝑇𝑖𝑛
(𝑖)

 is heated up be previous segment, 

and equals the exit temperature of previous adjacent segment. 

𝑇𝑖𝑛
(𝑖)

= 𝑇𝑜𝑢𝑡
(𝑖−1)

. 

Now considering the next adjacent segment (i+1), similarly to Eq. 4.21, we have 

the film temperature 𝑇𝑥
(𝑖+1)

 written as: 

𝑇𝑥
(𝑖+1)

= 𝑇′ −
𝑄/𝑄0

(1 + 𝑄/𝑄0)
⋅ (𝑇′ − 𝑇𝑖𝑛

(𝑖+1)
). (4. 22) 

Subtract Eq. 4.21 from Eq. 4.22, and substitute that 𝑇𝑖𝑛
(𝑖+1)

= 𝑇𝑜𝑢𝑡
(𝑖)

. We may obtain: 

𝑇𝑜𝑢𝑡
𝑖 − 𝑇𝑖𝑛

𝑖 =
1 + 𝑄/𝑄0

𝑄/𝑄0
(𝑇𝑥

(𝑖+1)
− 𝑇𝑥

(𝑖)
). (4. 23) 

Combing Eq. 4.23 and Eq. 4.9, we can solve out the film temperature 𝑇𝑥
(𝑖+1)

 as a 

function of the film temperature of previous segment 𝑇𝑥
(𝑖)

:   
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𝑇𝑥
(𝑖+1)

=
1

1 + 𝑄/𝑄0
𝑇′ +

𝑄/𝑄0

1 + 𝑄/𝑄0
𝑇𝑥

(𝑖)
. (4. 24) 

By Eq. 4.24, the temperature response for N-segment fiber sensors can be 

determined recursively as: 

𝑇𝑁 = 𝑇′ − (
𝑄/𝑄0

1 + 𝑄/𝑄0
)

𝑁

⋅ (𝑇′ − 𝑇𝑖𝑛). (4. 25) 

Max-sensitive flow rate 

Equation 4.25 reveals the polynomial dependence in multi-segment sensors (N>1) 

instead of linear dependence in single-segment sensors. In the limit of 𝑄≪𝑄0, 𝑇𝑁 is a N-

order polynomial function of flow rate 𝑄 . In high flow rate range, all segments still 

saturates towards the entrance temperature of liquid 𝑇𝑖𝑛, but with a much reduced rate 

because of the Nth polynomial. Very importantly, such delay indicates the potential to 

extend measurement range by constructing multiple segments, which is clearly seen in the 

value of max-sensitive flow rate for each segment, a parameter that characterize the flow 

rate associated with highest temperature sensitivity. 

The temperature sensitivity of multi-segment sensors can be evaluated by taking 

the first-order derivative of 𝑇𝑁 with respect to flow rate 𝑄: 

𝑆 =
d𝑇𝑁

d(𝑄/𝑄0)
= −𝑁(𝑇′ − 𝑇𝑖𝑛) (

𝑄/𝑄0

1 + 𝑄/𝑄0
)

𝑁−1

(
1

1 + 𝑄/𝑄0
)

2

 . (4. 26) 

Max-sensitive flow rate locates the point where the derivation of 𝑆 equals to zero, 

which can be calculated as: 

d𝑆

d(𝑄/𝑄0)
= −𝑁(𝑁 − 1 − 2𝑄/𝑄0)(𝑇′ − 𝑇𝑖𝑛) (

𝑄/𝑄0

1 + 𝑄/𝑄0
)

𝑁−2

(
1

1 + 𝑄/𝑄0
)

4

 = 0. (4. 27) 

By solving Eq. 4.27, we arrive at the expression of max-sensitive flow rate: 

𝑄𝑠 = 0.5 ⋅ (𝑁 − 1)𝑄0. (4. 28) 

When treating flow sensors operating at completely different measurement range, 

it can be unfair to compare their sensitivity directly. For example, a sensor working in 1-
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10 L/min cannot have the same temperature sensitivity as another sensor in 1-10 nL/min 

unless its temperature rise being 109 times greater. Instead, we use relative sensitivity 

(d𝑇/(d𝑄/𝑄)) to compare them. Thus, we introduce another parameter 𝑄𝑟𝑠, which refers 

to the flow rate associated with highest relative sensitivity. 𝑄𝑟𝑠  can be calculated by 

following a similar procedure as how we calculated 𝑄𝑠, and it turns out to be: 

𝑄𝑟𝑠 = 𝑁𝑄0. (4. 29) 

As we can see from Eq. 4.29 and Eq. 4.28, both 𝑄𝑠 and 𝑄𝑟𝑠 grow linearly with 

segment index N, suggesting that we can construct longer hot films with multiple segments 

to delay saturation without affecting the high sensitivity of the first several segments. 

Estimation of axial heat loss 

The hot film temperature of a single-segment sensor is 45 oC at zero flow rate and 

1.67 mA injected current. Thus total heat conduction rate 𝐻0 is obtained from Eq. 4.8 as 

2.9 mW/K. By following the same procedure, we calculate 𝐻0 for an eight-segment to be 

0.94 mW/K, much less than the value for a single-segment sensor. One main reason for 

this significant different is the axial heat loss into adjacent colder contact regions, as we 

can see in Figure 4.7. Contact regions are much colder than adjacent sensor regions because 

of a larger heat dissipation rate as well as near zero heat generation (𝑃=𝐼2𝑅). A single-

segment sensor has two contact regions, whereas an eight-segment sensor has 7/6 contact 

regions in average.   
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Figure 4.7. Large heat loss at the contact regions. 

4.6 FINITE ELEMENT SIMULATIONS 

First-order theory usually involves many approximations (see approximation 1,2, 

and 3), which might lead to completely off results. To validate our model, a first principle 

finite element calculation is necessary, especially for multi-segment sensor. 

4.6.1 Simulation setup for a multi-segment sensor 

A 2D first-principle finite-element-method (FEM) analysis [60] is conducted on the 

side view plane of multi-segment sensors to validate our one-dimensional theory and 

explain measurement results later. Here we assume the impact of temperature distribution 

along the width is of secondary important. Conjugate heat transfer module is chosen to 

simulate the heat transfer process in a system that involves both solids and liquids. The 

entrance temperature for liquid is 23.56 oC, and room temperature 𝑇𝑅𝑇 is 23.98 oC. The 

boundary condition for solid/air interfaces is set as 𝑄 = ℎ ⋅ (𝑇𝑠𝑜𝑙𝑖𝑑 − 𝑇𝑅𝑇), where 𝑇𝑠𝑜𝑙𝑖𝑑 

is the temperature of solids at the interface. The simulations use fitted values for heat 

transfer rate h: 125, 161 and 329 W/(K⋅m2) for polycarbonate, silver paint and conductive 

epoxy, respectively. Device dimensions are also fitted with a maximum 0.2 mm off allowed 

from designed dimensions to account for fabrication error. The design value is 2 mm for 
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segment #2 to #7, while the fitted values are 3.7, 1.5, 2.3, 2.1, 2.0, 2.2, 2.2, and 2.8 mm for 

Segment #1 to #8. 

4.6.2 Predicted temperature distribution of a multi-segment sensor 

Previously, our first-order theory has revealed that max-sensitive flow rate 

increases as segment index increases, which can be explained by the evolution thermal 

boundary layer. Figure 4.8 shows the temperature distribution of an eight-segment sensor 

at various flow rates. As we can see, the thermal boundary layer, the region with the 

steepest temperature gradient (~32°C, cyan/green region), extends towards downstream as 

flow rate increases. Below 42 µL/min, this layer is localized within Segment #2, which 

produces the highest flow-rate sensitivity among all segments. At flow rates beyond 127 

µL/min, this layer moves downstream to Segment #7, which provides high sensitivity while 

upstream segments are deeply saturated. 

  

 

Figure 4.8. Calculated temperature distribution along the length of a multi-segment 

fiber sensor at various flow rates using a finite-element solver. 
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4.6.3 Match between FEM and first-order theory 

Figure 4.9 shows the distribution of hot film temperature calculated from first-order 

theory (grey curves) and finite element solver (colored curves) at various flow rates. 1D 

temperature distribution is extracted from the temperature distribution of solid/air interface 

(top horizontal edges in Figure 4.8) in 2D FEM simulation. The temperature of each 

segment (peak values) are used to fit with our first-order theory across all flow rates. The 

fitted 𝑄0 and 𝑇′ are 16.97 μL/min and 39.43 oC, respectively.  

First-order theory doesn’t take into account of the contact regions, hence no 

temperature sink appears in grey curves. Otherwise, our analytical polynomial model 

matches first-principle FEM simulation very well.   

 

 

Figure 4.9. Calculated hot-film temperature from the finite-element solver (colored 

curves) and the analytical polynomial response from Equation 4 (grey curves) at various 

flow rates. The yellow areas denote Segment #2, #4, #6 and #8. 

So far, both FEM simulation and first-order theory have revealed the extension of 

measurement range in multi-segment sensors. In next section, we will finally validated 

those predictions experimentally. 
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4.7 DEMONSTRATION OF MULTI-SEGMENT FLOW SENSORS 

Previously, we developed a first-order temperature response theory, and used this 

theory to predict a multi-segment structure, which could efficiently extend the flow-rate 

range. In this section, we conduct the test for an eight-segment flow sensor, and explore 

how much measurement range could get extended. 

4.7.1 Device preparation and test condition 

Figure 4.10 presents the structure of an eight-segment flow sensor. A 5-cm-long 

fiber sensor segment was prepared the same way as described in 2.3.1. Nine 1-mm-long 

surface contacts were constructed as an equal spacing of 2 mm for each sensing segments. 

The first and last contacts establish a constant heating current in a 3-cm-long hot film, and 

the middle six segment each provides a voltage signal that reflects the local hot-film 

temperature. The fiber were tested with the same setup as discussed in 4.4.1 under a 

constant-current of 1.1 mA.      

 

 

Figure 4.10. Schematic (top panel) and photograph (bottom panel) of an eight-segment 

sensor. 

4.7.2 Responses of multi-segment flow sensors 

Under a constant current of 1.1 mA, the temperature responses of an eight-segment 

flow sensors (six sensing segments) were measured over various flow rates from 0 to 5000 
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µL/min, and match accurately with both the 2D finite-element simulations (Figure 4.11) 

and the 1D analytical model (Figure 4.12). Individual segment shows ~2°C temperature 

inhomogeneity at zero flow (Figure 4.11 left panel), which is consistent with the additional 

axial conductive heat loss near the fiber ends (Segment #2, #7) and at the electrical contacts 

(both factors included in the finite-element simulations, see 4.6). Starting from zero flow, 

the film temperature 𝑇′ falls with an increasing flow rate and converges to the liquid 

temperature of 24 °C in the high flow-rate limit. More importantly, as predicted in 4.5.2, 

the flow rates associated with peak sensitivity increase linearly to segment index N, 

indicating the delayed on-set of saturation in downstream segments. Here, the fitted 

effective N closely follows the physical segment index (Figure 4.12 inset), as Neffective = 

1.00⋅Nphysical + 0.019. Overall, measured relative flow-rate sensitivity (∂T/(∂Q/Q)) peaks at 

4.96 K in Segment #2 for flow rates between 15 and 35 µL/min, and gradually shifts 

downstream at higher flow rates, with the sensitivity remains 4.87 K in Segment #7 for a 

flow rate as high as 120 µL/min.    

 

 

Figure 4.11. Temperature (left panel) and voltage (right panel) responses (dots) of multi-

segment flow sensors in good agreement with FEM calculation (curves).  

The associated voltage responses exhibit similarly good agreement with finite-

element simulations (Figure 4.11 right panel), computed using the measured TCR constant 
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and the room-temperature resistance R0 of each segment at low current (0.2 mA). In 

comparison to the temperature responses, the larger spread in the voltage responses results 

from length-variation and the associated R0-variation of the segments manually defined by 

silver paint. For example, the shortest segment (#5) exhibits lowest voltage response. 

Nevertheless, flow rate sensitivity (∂V/(∂Q/Q)) remains greater than 0.75 V between 10 

and 200 µL/min. In terms of pressure drop, since the 2 or 3-mm-long individual segment 

is much shorter than the overall length (5 cm) of a fiber segment tested earlier (see 2.4.2), 

the pressure drop of the eight-segment sensor is comparable to that of a single-segment 

sensor, both around 8 Pa at 100 µL/min. 

 

 

Figure 4.12. Measured temperature responses (dots) in low flow rate region in good 

agreement with the 1d analytical heat transfer theory. Inset compares the fitted effective 

segment index and the physical segment index.    

The 5-fold increase in the measurement range from a single-segment sensor (5~40 

µL/min) to a multi-segment sensor (5~200 µL/min) can be further improved in several 

ways. From the measurement standpoint, if we measure multiple segments simultaneously, 

the linear regression of the temperatures TN, which follows a tn-2 distribution with n being 

the sample size, not only reduces confidence interval of the TN-N slope (a quantity inverse 

to the flow rate Q at high flow rate), but also reveals the flow direction and greatly reduces 
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drift errors (e.g. room temperature fluctuation). For instance, a change in room temperature 

by 0.1 °C perturbs the hot-film temperature rise by 10-100% at 100Q0, as predicted by the 

analytical temperature response equation, while affecting the TN-N slope by less than 1%. 

On the other hand, from the structural standpoint, the fiber fabrication process allows active 

sensing segments to be separated by exponentially-increasing lengths of heater segments, 

which helps to distribute the peak sensitivity ranges contributed by each sensing segment 

in a logarithmic fashion (commensurate with a multi-decade dynamic range). This 

approach also introduces longer and more powerful heater needed for high flow-rate 

measurements. In addition, in the low-flow rate regime, sensitivity can be enhanced further 

by better thermal insulation of the fluidic channel, which can be realized through 

incorporating additional hollow cores in the fiber.[51], [56] 

To summarize this chapter, we have reported a new form of fiber-based integrated 

flow-rate sensors, which overcome the inherent trade-off between sensitivity, pressure drop 

and measurement range, using novel materials and structures unique to fiber drawing 

process [5], [11], [12]. The successful implementation of high-TCR, high-resistance CPE 

as the temperature-sensitive hot film yields a voltage-temperature response of 0.8 V/K and 

a flow-rate sensitivity of 384 mV/(uL∙min-1) between 0 and 20 µL/min. This ultrahigh 

voltage-temperature response allows the sensor to operate with a maximum temperature 

rise of merely 20 °C, 5~10× smaller than that in typical MEMs sensors [58] and especially 

important for handling biomedical samples. In addition, this ultrahigh voltage response 

also enables ultralow pressure drop of 8 Pa at 100 µL/min, orders of magnitude lower than 

conventional MEMs thermal flow sensors. More importantly, we have achieved a high-

sensitivity measurement range of 5~200 µL/min through a multi-segment structure where 

each segment reaches its peak sensitivity at different flow rates. This new form of fiber 
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flow sensor opens up new opportunities for constructing large-scale multi-chip 

microfluidics systems especially in temperature-sensitive applications. 
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Chapter 5:  Optimization of Fiber Flow Sensors 

In this chapter, we conduct the theoretical optimization of fiber flow sensors, which 

consists of three steps: cross-sectional design, longitudinal design and novel multi-segment 

structures. For each case, we first apply and extend our first-order 1D heat transfer model 

to provide the basic guideline for optimization, and then we verify our analytic guideline 

with FEM simulations. This part of work is not only a natural extension of previous project 

in Chapter 4, but also a trailblazer for developing novel devices with distributed sensing in 

next chapter. 

5.1 MOTIVATION OF OPTIMIZATION 

Previously, we have reported the world’s first fiber-based flow sensors using novel 

materials and device structures, which resolve a fundamental trade-off between sensitivity, 

pressure drop, measurement range, and temperature rise in conventional MEMs flow 

sensors. However, we have not done too much work as regards the geometric optimization 

of fiber sensors, and a few device parameters, such as sensitivity or dynamic range, remain 

to be improved. Thus, a systematic optimization of fiber flow sensors becomes necessary. 

Current fiber flow sensors still suffer two major limitations: large overlap between 

the responses of each segment and tedious post-drawing process. As we have measured 

previously in 4.7.2, the measurement ranges of segment #1 to #7 are 0-20, 10-80, 15-100, 

15-140, 15-200, 25-200, 25-200 μL/min, respectively. Over 95% of the flow rate range 

from 0 to 200 μL/min are coved by multiple segments simultaneously, which is obviously 

unnecessary. Ideally, the temperature responses of a multi-segment sensor should cover a 

wider range with less overlap between them, as seen in Figure 5.1. An enhanced sensitivity 

and an optimized segmentation can potentially help to resolve this issue.  
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Figure 5.1. Current (left panel) and optimized (right panel) of the temperature responses 

of each segment in a multi-segment sensor.   

Other than large overlap, their tedious post-drawing process not only limits the 

scalability of current multi-segment sensors, but also reduces the fabrication yield. One of 

the benefits from fiber drawing is its scalability: kilometers of fiber can be obtained with a 

single draw. However, the current device configuration requires constructing N+1 external 

contacts for a N-segment sensor after the fiber drawing (see Figure 5.2), which cannot be 

scaled up easily. Thus, a smarter segmentation is required to use less surface contacts for 

the same device performance.  

 

  

Figure 5.2. Current (left panel) and optimized (right panel) configuration of a multi-

segment sensor. 

Overall, those associated limitations could affect the future applications of fiber 

flow sensors as functional microfluidics interconnects. It is hence important to conduct a 

theoretic optimization to resolve those potential issues. Specifically, the optimization in 

this chapter consists of three steps: a cross-sectional design, as well as a longitudinal design 

to boost sensitivity, and a segmentation design to decreases the complexity of post-drawing 

process.   
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5.2 CROSS-SECTIONAL DESIGN 

Previously, we have presented the fabrication of fiber sensors in Figure 2.2. Such a 

preform assembly has required the cross-sectional geometry being based on two rectangles: 

one for the fluidics channel, and one for the overall fiber. Thus, there are four designable 

parameters to be optimized: channel width 𝑤, channel height ℎ, cladding width 𝑤𝑐 and 

cladding height ℎ𝑐, as seen in Figure 5.3. 

 

     

Figure 5.3. Parameters to be optimized in cross-sectional design.   

5.2.1 Design guideline from analytic model 

As derived in 4.5.1, our analytical heat transfer model predicts the temperature 

response 𝑇(𝑄) of a single-segment sensor to be: 

𝑇(𝑄) = 𝑇′ −
𝑄/𝑄0

(1 + 𝑄/𝑄0)
⋅ (𝑇′ − 𝑇𝑖𝑛), (5. 1) 

where 𝑄 is the volumetric flow rate, 𝑇′ is the start temperate at zero flow rate, and 𝑇𝑖𝑛 

the entrance temperature of liquid. 𝑄0 is the transition flow rate between linear regime 

and saturation regime, a parameter defined as: 

𝑄0 ≡
0.5𝜂𝐻1(1 − α ⋅ (𝑇′ − 𝑇𝑅𝑇))

𝐶𝑝,𝑣
. (5. 2) 

where 𝜂 is the fraction of heat absorbed by the liquid, 𝑇𝑅𝑇 is room temperature, 𝛼 is 

TCR constant, 𝐶𝑝,𝑣 is the specific heat of liquid, and 𝐻1 is conductive heat dissipation 
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rate. Among all factors that affect 𝑄0, 𝐻1 is the one that is closely tied to the geometry 

of fibers. For a sensor that operates within linear regime, its measurement range is 

approximately equal to 𝑄0 , and hence its sensitivity is Δ𝑇/𝑄0 , where Δ𝑇  is the 

temperature rise at zero flow. As a consequent, we can decrease 𝐻1 to increase sensitivity.  

𝐻1  characterizes the overall heat dissipation rate, mainly including two paths: 

cross-sectional heat loss and axial heat loss (see Figure 5.4). Cross-sectional loss 𝑄𝑐𝑠 

denotes the heat loss through the entire outer surface of cladding, expressed by fiber length 

𝑙, cladding surface temperature 𝑇𝑠 as: 

𝑄𝑐𝑠 = 𝑙 ∫ℎ𝑆𝐺
𝑃

(𝑇𝑠 − 𝑇𝑅𝑇)d𝑃. (5. 3) 

 

 

Figure 5.4. Two paths of conductive heat loss: cross-sectional heat loss (red arrow) and 

axial heat loss (purple arrow). 

ℎ𝑆𝐺  refers to the free convective heat transfer rate between cladding and air. ∫ d𝑃
𝑃

 

denotes the integration over the perimeter of cladding. In most circumstances, the heat 

conduction within cladding is significantly faster than the free convection into air. As a 

result, 𝑇𝑠 is close to a constant along the perimeter of cladding. We simplify the equation 

above to arrive at the following equation: 

𝑄𝑐𝑠 = 2ℎ𝑆𝐺𝑙(𝑤𝑐 + ℎ𝑐) ⋅ (𝑇𝑠 − 𝑇𝑅𝑇). (5. 4) 
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As for the axial heat loss 𝑄𝑎𝑥, it equals to the integration of heat diffusion rate over 

the entire cross section S: 

𝑄𝑎𝑥 = ∫𝑘
𝑆

(
𝜕𝑇

𝜕𝑙
) d𝑆. (5. 5) 

Similarly, by approximating the temperature distribution to be constant within 

cladding and channel, we arrive as: 

𝑄𝑎𝑥 = 𝑘𝑙𝑖𝑞𝑢𝑖𝑑𝑤ℎ ⋅ (𝑇𝑙 − 𝑇𝑅𝑇) + 𝑘𝑙𝑖𝑞𝑢𝑖𝑑(𝑤𝑐ℎ𝑐 − 𝑤ℎ) ⋅ (𝑇𝑠 − 𝑇𝑅𝑇). (5. 6) 

Overall, combine the expression for 𝑄𝑐𝑠 and 𝑄𝑎𝑥, and substitute them into the 

expression for 𝑄0. Sensitivity becomes: 

𝑆 ∝
1

(2ℎ𝑆𝐺𝑙(𝑤𝑐 + ℎ𝑐) + 𝑘𝑙𝑖𝑞𝑢𝑖𝑑(𝑤𝑐ℎ𝑐 − 𝑤ℎ)) ⋅ (𝑇𝑠 − 𝑇𝑅𝑇) + 𝑘𝑙𝑖𝑞𝑢𝑖𝑑𝑤ℎ ⋅ (𝑇𝑙 − 𝑇𝑅𝑇)
. (5. 7) 

Or simply, 

𝑆 ∝
1

c1(𝑤𝑐 + ℎ𝑐) + 𝑐2𝑤𝑐ℎ𝑐 + 𝑐3𝑤ℎ
, (5. 8) 

where 𝑐1, 𝑐2 and 𝑐3 are all non-geometry-related constants. The equation above reveals 

that sensitivity 𝑆  is inverse to device dimensions, which agrees with what we have 

intensively discussed in 4.2.1. In the rest of this section, we break down this equation to 

discussion how channel sizes and cladding sizes affect sensitivity separately. 

Effects of channel dimensions on sensitivity 

Sensitivity is inverse to channel area (1/𝑆 ∝ 𝑤ℎ). If we fix channel area, sensitivity 

does not change with aspect ratio (𝑤/ℎ). 

Effects of cladding dimensions on sensitivity   

Sensitivity is directly related to both the area and the perimeter of cladding, 

expressed as: 
1

𝑆
∝ c1(𝑤𝑐 + ℎ𝑐) + 𝑐2𝑤𝑐ℎ𝑐. (5. 9) 



 71 

For a short segment, axial dissipation dominates overall conductive heat dissipation 

( c1(𝑤𝑐 + ℎ𝑐) ≪ 𝑐2𝑤𝑐ℎ𝑐 ). As segment gets longer, cross-sectional heat dissipation 

increases, and eventually dominates overall conductive heat dissipation (c1(𝑤𝑐 + ℎ𝑐) ≫

𝑐2𝑤𝑐ℎ𝑐).  

Effects of thin cladding on sensitivity  

The discussions above are all based on the assumption that liquid temperature and 

cladding temperature can both approximated as constants over the entire cross-section. 

This assumption is usually valid since heat transfer in solids is significantly faster to free 

convection into air. However, it fails when fiber sensors contain thin cladding structure. 

As we can see in Figure 5.5, thin cladding structure limits the heat transfer into surrounding 

solids, and hence focuses the high temperature regions (hot zone) in a limited area. As a 

result, the associated cross sectional heat loss is usually much smaller for a structure with 

thin cladding, which makes it an effective way to boost sensitivity.  

 

 

Figure 5.5. Hot zone (pattern-filled region) for cross sections with (left and right) and 

without (middle) thin cladding. The formulas on the top represent the corresponding 

cross-sectional heat loss.  
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5.2.2 Match between FEM and analytical guideline 

To validate our design guideline from analytical model, we conduct several FEM 

simulations to reveal the relation between sensitivity and cross sectional geometry. The 

simulation setup involves 3D conjugate heat transfer module with stationary solver. Both 

the entrance temperature for liquid and room temperature are set at 24 oC. The boundary 

condition for solid/air interfaces is set as 𝑄 = ℎ ⋅ (𝑇𝑠𝑜𝑙𝑖𝑑 − 𝑇𝑅𝑇) , where 𝑇𝑠𝑜𝑙𝑖𝑑  is the 

temperature of solids at the interface. The values of heat transfer rate ℎ are 125, 161 and 

329 W/(K⋅m2) for polycarbonate, silver paint and conductive epoxy, respectively. Device 

dimensions are subject to change in each case, as we will discuss in details later. 

FEM simulations at various channel geometries 

To validate analytical prediction of 1/𝑆 ∝ 𝑤ℎ, we conduct intensive simulations 

to sweep the three parameter spaces as listed in Table 5.1. By the analytical formula, the 

reciprocal of sensitivity is linear to 𝑤, or ℎ, and is not sensitive to 𝑤/ℎ. 

Table 5.1. Parameter spaces for FEM simulations at various channel geometries.  

Parameter Space Constant Dependence 
Start Point B 

(𝜶 = 𝟎) 

End Point A 

(𝜶 = 𝟏) 

Width 𝑤 Height ℎ Linear 

  

Height ℎ Width 𝑤 Linear 

  

Aspect ratio 𝑤/ℎ Area 𝑤ℎ Insensitive 

  

Figure 5.6 shows the simulated dependence of 1/S on channel geometries. 1/𝑆 

behaves linear to 𝑤 and ℎ, and indeed not sensitive to 𝑤/ℎ. In other words, we achieved 

near-perfect agreements between FEM and analytical guideline.   
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Figure 5.6. Dependence of the reciprocal of sensitivity on channel geometries simulated 

with a FEM solver.  

FEM simulations at various cladding geometries 

By our analytical formula, the reciprocal of sensitivity 1/S is linear to 

c1(𝑤𝑐 + ℎ𝑐) + 𝑐2𝑤𝑐ℎ𝑐 . To validate it, we conduct a number of simulations to sweep 

parameter spaces of cladding geometry, as listed in Table 5.2. 

Table 5.2. Parameter spaces for FEM simulations at various cladding geometries.  

Parameter 

Space 
Constant Dependence 

Start Point B 

(𝜶 = 𝟎) 

End Point A 

(𝜶 = 𝟏) 

Width 𝑤𝑐 Height ℎ𝑐 Linear 

  

Height ℎ𝑐 Width 𝑤𝑐 Linear 
 

 

Aspect ratio 

𝑤𝑐/ℎ𝑐 

Area 

𝑤𝑐ℎ𝑐 
Sensitive 
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Our analytical formula predicts that 1/𝑆 increases linearly to cladding width and 

height. It is also sensitive to cladding aspect ratio, unlike channel aspect ratio. Moreover, 

as we seen from the fourth and fifth columns in Table 5.2, the two ends of all three 

parameter spaces contain thin cladding structures, especially for the last parameter space 

of aspect ratio. Consequently, we expect that in the results from FEM 1/S does not strictly 

follow the predictions listed in Table 5.2. Instead, the results should exhibit valleys at two 

ends of each parameter space.   

Figure 5.7 shows the simulated dependence of 1/S on cladding geometries. 1/S 

behaves quasi-linear to w and h, and sensitive to w/h as well. More importantly, we observe 

two valleys at the ends of each parameter space, especially for the case of aspect ratio.  

 

 

Figure 5.7. Dependence of 1/S on cladding geometries simulated with a FEM solver. 
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5.2.3 Optimized design for cross-sectional geometry 

With the knowledge of how cross-sectional geometry affects sensitivity, we can 

optimize the cross-sectional design for fiber flow sensors, which should follow two basic 

rules: 

 Optimized geometry cannot bring extra pressure drop; 

 Optimized can still be connected to Tygon tubes of 1/16” ID; 

The first rule prevents us to increase sensitivity by shrinking channel sizes; whereas 

the second rule fixes the cladding area to be the same as the inner channel area of Tygon 

tubes (2 mm2). Thus, the two designable parameters left are channel aspect ratio (green line 

in Figure 5.6) and cladding aspect ratio (blue line in Figure 5.7). Since channel aspect ratio 

influences both sensitivity and pressure drop at the same time, we plot both parameters 

together in Figure 5.8 at various aspect ratios. We choose the optimized aspect ratio to be 

2 because it offers relatively larger sensitivity and lower pressure drop simultaneously.  

 

 

Figure 5.8. Sensitivity (blue line) and pressure drop (red line) of fiber flow sensors at 

various aspect ratios.  
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The aspect ratio of cladding does not affect pressure drop. Consequently, we simply 

pick the lowest point of the blue line in Figure 5.7 – a cladding width of 1.2 mm and a 

cladding height of 1.67 mm. Overall, the optimized cross section is given in Figure 5.9, 

which offers 16% improvements on sensitivity. 

 

 

Figure 5.9. (a) Optimized cross sectional geometry and (b) corresponding temperature 

distribution at zero flow. 

5.3 LONGITUDINAL DESIGN 

Unlike cross sectional design, longitudinal design only involves one design 

parameter: the segment length 𝐿 . Our previous discussion in 4.5 shows that 𝑄0  is 

proportional to 𝐿, hence sensitivity is inverse to 𝐿. However, this conclusion relies on the 

assumption that hot film temperature is constant within the segment, which obviously fails 

as 𝐿  becomes larger. Therefore, in this section, we first extend our previous 1D 

temperature response theory to account for the situation where film temperature is not 

constant. Then with the extended analytical model, we provide the guideline for 

longitudinal design and verify it with FEM simulations. At last, we give the optimized 

longitudinal geometry. 
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5.3.1 Extended first-order temperature response theory 

The first-order temperature response we discussed in 4.5 assumes that the 

temperature of hot film is constant within the segment. This assumption is valid for a short 

segment. As segment length becomes longer, there exists a distribution of film temperature. 

To resolve this distribution, we mathematically treat a single-segment sensor as a multi-

segment sensor (i.e. N segments in Figure 5.10). As the number of segments becomes large 

enough, the temperature of hot film in each segment is constant. Thus, the previous model 

for a multi-segment sensor becomes valid.  

 

 

Figure 5.10. Mathematically treat a single segment as N segments.  

With the 1D temperature response theory for multi-segment sensors given in 4.5.2, 

we write down the temperature response for segment #i to be: 

𝑇𝑖 = 𝑇′ − (
𝑄/𝑄0

1 + 𝑄/𝑄0
)

𝑖

⋅ (𝑇′ − 𝑇𝑖𝑛). (5. 10) 

Again, 𝑄0 is the transition flow rate defined as: 

𝑄0 ≡
0.5𝜂𝑙 ∫ ℎ1𝑃

d𝑃(1 − α ⋅ (𝑇′ − 𝑇𝑅𝑇))

𝐶𝑝,𝑣
∝ 𝑙. (5. 11) 

Since 𝑄0 is proportional to the length of each segment 𝑙 = 𝐿/𝑁, we can re-write 

𝑄0 as: 

𝑄0 = 𝑞0 ⋅
𝐿

𝑁
(5. 12) 

Substituting the above expression into the temperature response for segment #i, we 

arrive at: 



 78 

𝑇𝑖 = 𝑇′ − (
𝑁𝑄

𝑞0𝐿 + 𝑁𝑄
)

𝑖

⋅ (𝑇′ − 𝑇𝑖𝑛). (5. 13) 

Now considering a random point x away from the fluidic entrance, the point locates 

at segment # 𝑖𝑥 , where 𝑖𝑥  equals to round(𝑁𝑥/𝐿) . Substitute round(𝑁𝑥/𝐿)  to the 

temperature response for segment #𝑖, we arrive at the temperature distribution along the 

sensor as:  

𝑇(𝑥, 𝑁) = 𝑇′ − (
𝑁𝑄

𝑞0𝐿 + 𝑁𝑄
)

round(𝑁𝑥/𝐿)

⋅ (𝑇′ − 𝑇𝑖𝑛). (5. 14) 

As 𝑁 approaches infinite, we derive out the limit as: 

𝑇(𝑥) = lim
𝑁→∞

𝑇(𝑥, 𝑁) = 𝑇′ − 𝑒
−

𝑞0
𝑄

 𝑥
⋅ (𝑇′ − 𝑇𝑖𝑛). (5. 15) 

The above equation reveals an exponential distribution of hot film temperature. The 

temperature response is then defined as the average temperature across the entire segment, 

which is found to be: 

𝑇𝑎𝑣𝑔 =
1

𝐿
∫ 𝑇(𝑥)d𝑥

𝐿

0

= 𝑇′ −
𝑄

𝑞0𝐿
[1 − 𝑒

−
𝑞0𝐿

𝑄 ] (𝑇′ − 𝑇𝑖𝑛). (5. 16) 

Fortunately, the equation above shows that sensor response still scales to 𝑄/𝑞𝑜𝐿, 

or 𝑄/𝑄𝑜 (see Figure 5.11 for the responses predicted by two models). Thus, its sensitivity 

is still proportional to sensor length 𝐿. 

 

 

Figure 5.11. Temperature response of a single-segment sensor with original (blue line) 

and extended model (red line). 
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Discussions on short sensor segment 

As sensor segment 𝐿 becomes too short, we start facing a different issue: surface 

contact cannot establish a uniform current distribution across the sensing region. Figure 

5.12 shows the current distribution for sensors of various lengths simulated with a FEM 

solver. At a short segment length, i.e. 0.2 mm, current only flows through the top and 

bottom areas, where side walls locate instead of fluid channel. For the middle region where 

fluid channel locates, the average current density 𝐼𝑎𝑣𝑔 is only 60% of the values calculated 

from a uniform distribution. As 𝐿 keeps increasing, 𝐼𝑎𝑣𝑔 reaches 92% at 2 mm and 99% 

at 20 mm. Figure 5.13 shows the relation between 𝐼𝑎𝑣𝑔 and segment length 𝐿. As we can 

see, 𝐼𝑎𝑣𝑔 quickly drops as segment length shrinks.   

 

 

Figure 5.12. Current distribution for sensors of various length.   
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Figure 5.13. Average current amount passing through fluidic channel region at various 

segment length.  

In other words, with a shorter segment, less current passes through the fluid 

channel, which subsequently reduces the sensitivity of flow sensors. Therefore, we expect 

to see a less steep slope at short segment length (𝐿 < 2 mm). 

5.3.2 FEM simulations at various segment lengths   

To validate the analytical prediction of 1/𝑆 ∝ 𝐿, we conduct a few simulations to 

sweep the segment length L from 1 to 8 mm. Figure 5.14 presents the dependence of the 

reciprocal of sensitivity 1/𝑆  on segment length 𝐿 . As we see, 1/𝑆  is mostly 

proportional to 𝐿, except when the segment is short. With short segments where 𝐿 <

2 mm, 1/𝑆 has a smaller slope. Both behaviors agree with our first-order predictions.  

Based on the simulation results in Figure 5.14, we choose an optimized segment 

length to be 1 mm, which offers 4% improvements on sensitivity.  
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Figure 5.14. Dependence of the reciprocal of sensitivity on segment length simulated 

with a FEM solver. 

Putting cross-sectional design and longitudinal design together, we achieve ~22% 

increase on sensitivity. Figure 5.15 shows the temperature responses and sensitivity before 

and after optimization.  

 

 

Figure 5.15. (a) Temperature responses and (b) sensitivity of nominal design (blue line) 

and optimized design (red line). 
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5.4 NOVEL MULTI-SEGMENT STRUCTURES 

So far, we have arrived at an optimized geometry design for single-segment sensors 

(𝑤𝑐 =1.2 mm, ℎ𝑐 =1.67 mm, 𝑤=1 mm, ℎ = 0.5 mm, 𝐿=1 mm), which give us 20% 

improvements on sensitivity over original design (𝑤𝑐=2 mm, ℎ𝑐=1 mm, 𝑤=1 mm, ℎ =

0.5 mm, 𝐿=2 mm). Another limitation yet to be optimized is the segmental design. In 

this section, we explore novel device structures for multi-segment sensors to simplify the 

post-drawing process while maintaining or even improving the device performances.  

5.4.1 Design of two-segment sensors  

In multi-segment sensors as discussed in 4.5.2, each segment servers as a sensor, 

as well as a pre-heater for downstream segments. If we can construct a pre-heater that can 

adjust its heating power, a single sensing segment is enough to achieve a large dynamic 

range. This becomes the inspiration of two-segment sensors design. 

Figure 5.16 presents the structure of a two-segment sensor, with the first segment 

being preheating segment and the second segment being sensing segment. The preheating 

segment is connected to a variable resistor 𝑅 in parallel to divide a fraction of current 

flow. At the low limit of 𝑅 (𝑅→0), near 100% current flows through the variable resistor 

and no current flows through preheating segment. Thus, sensing segment behaves like a 

single-segment sensor, or the first segment of an N-segment sensor. At the high limit of 𝑅 

(𝑅→∞), near 100% current flows through preheating segment, and sensing segment 

behaves like the last segment of the N-segment sensor. Overall, by adjusting the value of 

𝑅, we can tune the behavior of sensing segment from the first to the last segment in a N-

segment flow sensor. 
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Figure 5.16.  Schematic of a two-segment sensor. 

Figure 5.17 shows the temperature responses of a two-segment flow sensor with an 

8-mm-long preheating-segment and a 1-mm-long sensing segment. Various fractions of 

current passing through the preheating-segment from 0% to 54%. As we can see, when 0% 

current passes through the preheating segment, the sensing segment responses at low flow 

rate region, and the behavior is very close to the segment #2 in Figure 4.11. As current 

fraction increases, the response moves towards higher flow rate regions. At a current 

fraction of 54%, we observe a small peak on the temperature response curve, caused by the 

large heating power from pre-heating segment. Note that 54% is the highest current fraction 

we can add to an 8-mm-long preheating segment, beyond which the preheating segment 

will burn.  
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Figure 5.17. Temperature responses of two-segment flow sensors at various fraction of 

current passing through an 8-mm-long pre-heating segment. 

The upper bound of measurement range is determined by the curve with maximum 

possible current fraction passing through the pre-heating segment, i.e. 54% in Figure 5.17. 

To reveal the extension of measurement range as a function of preheating length, we plot 

the temperature responses with maximum possible fraction of current at various preheating 

length from 0 to 12 mm. As we can see in Figure 5.18, the longer preheating segment we 

use, the wider measurement range we can achieve. At a preheating length of 12 mm, we 

achieve a measurement range that extends to 180 μL/min, about the same range as previous 

8-segment sensors. To further understand the response of such two-segment sensors, we 

conduct a first-order heat transfer analysis. 

 



 85 

 

Figure 5.18. Temperature responses of two-segment flow sensors at various preheating 

segments with maximum possible fraction of current passing though the pre-heating 

segments.   

5.4.2 First-order temperature response theory for a two-segment sensor 

A two-segment sensor consists of a long preheating segment (𝑁𝐿) and a short 

sensing segment (L). Apply the extended analytical model discussed in 5.3.1 to the 

preheating segment, and we have 

𝑇𝑓𝑖𝑙𝑚(𝑥) = 𝑇𝑝
′ − 𝑒

−
𝑞0
𝑄

 𝑥
⋅ (𝑇𝑝

′ − 𝑇𝑖𝑛). (5. 17) 

𝑇𝑙𝑖𝑞𝑢𝑖𝑑(𝑥) = 𝑇𝑝
′ − (1 + 𝑐)𝑒

−
𝑞0
𝑄

 𝑥
⋅ (𝑇𝑝

′ − 𝑇𝑖𝑛). (5. 18) 

Thus, we use the analytical model discussed in 4.5.1 to derive the temperature 

response for the sensing segment of length 𝐿: 

𝑇𝑓𝑖𝑙𝑚 = 𝑇𝑠
′ −

𝑄/𝑞0𝐿

(1 + 𝑄/𝑞0𝐿)
⋅ (𝑇𝑠

′ − 𝑇𝑖𝑛). (5. 19) 

The zero-flow temperature for the preheating segment 𝑇𝑝′  and the sensing 

segment 𝑇𝑠′  are associated with the Joule heating 𝐼2𝑅  at the segment. Because the 

current passing through preheating segment is 𝛼𝐼, we can relate 𝑇𝑝
′ and 𝑇𝑠′ together by 

the current fraction 𝛼 as: 

𝑞𝑝 = (𝛼𝐼)2𝑅 = 𝑘(𝑇𝑝
′ − 𝑇𝑅𝑇) = 𝛼2𝑘(𝑇𝑠

′ − 𝑇𝑅𝑇). (5. 20) 
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Given that the entrance temperature of liquid equals to room temperature for the 

pre-heating segment, and 𝑇𝑙𝑖𝑞𝑢𝑖𝑑(𝑁𝐿)  for the sensing segment, we derive out the 

temperature response of a two-segment sensor as: 

𝑇 = 𝑇′ −
𝑄/𝑞0𝐿

(1 + 𝑄/𝑞0𝐿)
⋅ (1 − (1 − (1 + 𝑐)𝑒

−
𝑞0𝑁𝐿

𝑄
 
) ⋅ 𝛼2) (𝑇′ − 𝑇𝑅𝑇). (5. 21) 

Low 𝜶 limit 

At the low limit of 𝛼 (𝑅→0), the equation above reduces to  

𝑇 = 𝑇′ −
𝑄/𝑞0𝐿

(1 + 𝑄/𝑞0𝐿)
(𝑇′ − 𝑇𝑅𝑇). (5. 22) 

The temperature response is exactly the same as the response of a single-segment 

sensor discussed in 4.5. 

𝜶→1 limit 

At the limit of 𝛼→1 (𝑅→∞), the equation above reduces to 

𝑇 = 𝑇′ −
(1 + 𝑐)𝑄/𝑞0𝐿

(1 + 𝑄/𝑞0𝐿)
𝑒

−
𝑞0𝑁𝐿

𝑄
 
 (𝑇′ − 𝑇𝑅𝑇). (5. 23) 

Max extension of measurement range  

The higher bound of measurement range is defined as the flowrate at which 

temperature response 𝑇  equals to 0.5 ⋅ (𝑇′ + 𝑇𝑅𝑇)  at 𝛼 → 1  limit. By the equation 

above, we derive out the max extension of measurement range to be:  

𝑄𝑚𝑎𝑥 =
𝑞0

ln 2
𝑁𝐿. (5. 24) 

Similar to multi-segment sensors, the equation above reveals that the extension of 

measurement range is proportional to the length of preheating element 𝑁𝐿.  
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Match with FEM simulations 

We revisit the simulated results in Figure 5.17, and use it for the data fitting with 

our analytic model. Figure 5.19 shows the simulated responses (dots) and fitted responses 

(lines) at various current fractions, demonstrating a good match between FEM simulations 

and analytical model. Table 5.3 lists the fitted values of various device parameters, together 

with the original values feed into FEM simulations. As we can see, the fitted values for 

zero flow temperature 𝑇′  and room temperature 𝑇𝑅𝑇  are both very close the 

corresponding values used in FEM simulations. However, 𝑁 is only a quarter of the set 

value, indicating a much shorter effective length for preheating segment. Fitted current 

fraction values are also quite off. To resolve these two issues, we will propose an analytical 

model for effective length of preheating segment in next section.  

 

 

Figure 5.19. Simulated (dots) and fitted (lines) temperature responses of a two-segment 

sensor.  
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Table 5.3. Original device parameters in FEM simulations and fitted parameters with 

analytic model. 

 FEM simulations Fitted results 

Zero flow temperature 𝑇′ 45 oC 47.17 oC 

Room temperature 𝑇𝑅𝑇 24 oC 24.76 oC 

𝑄0 -- 11.18 μL/min 

𝑁 8 1.99 

Current fraction 𝛼1 0% 22.90% 

Current fraction 𝛼2 20% 45.90% 

Current fraction 𝛼3 40% 74.88% 

Current fraction 𝛼4 54% 97.29% 

5.4.3 Effective length of preheating segment 

Table 5.3 reveals that the effective length of preheating segment is much shorter 

than its physical length. One of the possible reason is due to the non-uniform temperature 

distribution of hot film at zero flow. In this section, we first propose an analytical model to 

describe this non-uniform distribution, and then verify our first-order model with FEM 

simulations.   

Non-uniform temperature distribution at zero flow 

The non-uniform temperature distribution arises from the non-uniform axial heat 

loss. To describe it with an analytic model, we consider an infinitesimal segment in the 

middle of preheating segment, as shown in Figure 5.20. The heat generation rate equals 

𝑞𝛿𝑥, where 𝑞 is heat generation rate per unit length, and 𝛿𝑥 is the length of the segment. 

Axial heat flux equals the second derivative of temperature 𝑘
𝜕2𝑇

𝜕𝑥2. Heat dissipation into 
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surrounding air is proportional to the temperature difference between 𝑇  and room 

temperature 𝑇𝑅𝑇. Overall, at the equilibrium state, we have: 

 𝑘
𝜕2𝑇

𝜕𝑥2
+ 𝑞 − 𝑘′(𝑇 − 𝑇𝑅𝑇) = 0. (5. 25) 

 

 

Figure 5.20. Heat generation and dissipation for an infinitesimal segment. 

When using Joule heat for the heat generation on CPE, 𝑞 becomes temperature 

dependent. With the same assumption made in 4.5.1, we rewrite the equation above as: 

𝑘
𝜕2𝑇

𝜕𝑥2
+ (𝑞0 + 𝑞′(𝑇 − 𝑇𝑅𝑇)) − 𝑘′(𝑇 − 𝑇𝑅𝑇) = 0 

Or,  

𝑘
𝜕2𝑇

𝜕𝑥2
+ 𝑞0 − (𝑘′ − 𝑞′)(𝑇 − 𝑇𝑅𝑇) = 0. (5. 26) 

To solve the above equation, we rearrange it as follows: 

𝜕2

𝜕𝑥2
(𝑇 − 𝑇𝑅𝑇 −

𝑞0

𝑘′ − 𝑞′
) =

(𝑘′ − 𝑞′)

𝑘
⋅ (𝑇 − 𝑇𝑅𝑇 −

𝑞0

𝑘′ − 𝑞′
) . (5. 27) 

The general solution to the equation above is: 

𝑇 − 𝑇𝑅𝑇 −
𝑞0

𝑘′ − 𝑞′
= 𝑐 (exp (√

(𝑘′ − 𝑞′)

𝑘
(𝑥 −

𝐿

2
)) + exp (√

(𝑘′ − 𝑞′)

𝑘
(

𝐿

2
− 𝑥))) 
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The constant 𝑐 needs to be solved by boundary conditions. As shown in Figure 

5.21, axial heat flux comes from one side, and the other side is simplified as 𝑘′′(𝑇 − 𝑇𝑅𝑇). 

At equilibrium, we write down the boundary condition as: 

𝑇(0) = 𝑇(𝐿) = 𝑇𝑅𝑇 +
𝑘

𝑘′′
(

𝜕𝑇

𝜕𝑥
)

𝑥=0

(5. 28) 

 

 

Figure 5.21. Heat generation and dissipation at the boundary. 

Substituting the boundary conditions into the general solutions, we arrive the final 

solution for the temperature distribution at zero flow:  

𝑇 − 𝑇𝑅𝑇 −
𝑞0

𝑘′ − 𝑞′
= 𝑐 (exp (√

(𝑘′ − 𝑞′)

𝑘
(𝑥 −

𝐿

2
)) + exp (√

(𝑘′ − 𝑞′)

𝑘
(

𝐿

2
− 𝑥))) , (5. 29) 

where the constant 𝑐 is defined as: 

𝑐 =

𝑞0

𝑘′ − 𝑞′ exp (√(𝑘′ − 𝑞′)
𝑘

𝐿
2)

(
√𝑘(𝑘′ − 𝑞′)

𝑘′′ − 1) (1 − exp (√(𝑘′ − 𝑞′)
𝑘

𝐿))

 

In most cases, we do not need to resolve each parameters in the above equation. 

Instead, we are more interested in the general shape of the distribution. Thus, we rewrite 

the above equation as: 

𝑇 = 𝑇0 − 𝑐0 (exp (𝑐1 (𝑥 −
𝐿

2
)) + exp (𝑐1 (

𝐿

2
− 𝑥))) , (5. 30) 

where 𝑇0  is the maximum temperature at the center 𝑥 = 𝐿/2 , 𝑐0  and 𝑐1  are both 

geometry-related parameters. Figure 5.22 shows a cutline of temperature distribution at 
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zero flow calculated from a FEM solver. Obtained temperature distribution is fitted with 

the equation above, demonstrating a near-perfect match between FEM simulations and 

analytical model. The fitted curve is describe explicitly as: 𝑦 = 45.8 − 0.47(𝑒0.84(𝑥−4) +

𝑒−0.84(𝑥−4)).  

 

 

Figure 5.22. (top panel) Temperature distribution on the surface of an 8-mm-long 

preheating segment at zero flow. (bottom panel) a cutline plot of the 2D temperature 

distribution with its fitted curve. 

Injected power of Joule heating 

In an ideal situation where there is no axial heat loss, the preheating segment has a 

constant temperature of 𝑇0. The injected power of Joule heating equals to: 

𝑃𝑖𝑑𝑒𝑎𝑙 = 𝐼2𝑟(𝑇0)𝐿 (5. 31) 

When axial heat loss presents, the temperature distribution is not uniform. 

Consequently, the overall injected power needs to be integrated from 0 to 𝐿: 

𝑃 = ∫ 𝐼2𝑟(𝑇𝑥)𝐿d𝑥 =
𝐿

0

𝐼2𝑟(𝑇0) (𝐿 − 𝛼𝑇0𝐿 + 𝛼 ∫ 𝑇d𝑥
𝐿

0

) (5. 32) 
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Substitute the analytical formula for non-linear temperature distribution, and we 

derive out the integration of 𝑇 to be:     

∫ 𝑇d𝑥
𝐿

0

= 𝑇0𝐿 −
2𝑐0

𝑐1
(exp (

𝑐1𝐿

2
) − exp (−

𝑐1𝐿

2
)) (5. 33) 

Combing the two equations above, we arrive at a simpler expression for injected 

power: 

𝑃 = ∫ 𝐼2𝑟(𝑇𝑥)𝐿d𝑥 =
𝐿

0

𝐼2𝑟(𝑇0) (𝐿 −
2𝑐0𝛼

𝑐1
(exp (

𝑐1𝐿

2
) − exp (−

𝑐1𝐿

2
))) (5. 34) 

The equation above reveals a lower heating power than an ideal situation, which 

translates into a shorter effective length of preheating segment. The effective preheating 

length when subject to non-uniform axial heat loss is then defined as: 

𝐿𝑒𝑓𝑓 = 𝐿 −
2𝑐0𝛼

𝑐1
(exp (

𝑐1𝐿

2
) − exp (−

𝑐1𝐿

2
)) (5. 35) 

Maximum allowed temperature 

The extension of measurement range requires the increase of injected Joule heating 

power. One way to do this is to increase effective length 𝐿𝑒𝑓𝑓, which needs a lower axial 

heat loss rate and might be difficult to achieve. Another way is to increase the temperature 

of hot film, which also increases its resistance. However, the temperature rise of both 

preheating segment and sensing segment are limited to a certain value, beyond which the 

system becomes instable and CPE films get burned. 

Fiber sensors operate under constant current (cc) mode, which puts the system in a 

positive feedback loop. Suppose a small temperature rise Δ𝑇 is added to the equilibrium 

state. Hot film temperature will increase by an amount of Δ𝑅 = 𝛼𝑅Δ𝑇 . At constant 

current, the Joule heating also increases by Δ𝑄 = 𝛼𝐼2𝑅Δ𝑇, which causes the temperature 

to increase again by another amount of Δ𝑇′ = (𝑇 − 𝑇𝑅𝑇)𝛼Δ𝑇. If 𝛼(𝑇 − 𝑇𝑅𝑇) < 1, Δ𝑇′ <

Δ𝑇, and the system is stable. If 𝛼(𝑇 − 𝑇𝑅𝑇) > 1, Δ𝑇′ > Δ𝑇, and the temperature keeps 
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increasing until CPE films get burned. Therefore, we derive out a maximum allowed 

temperature to be: 

𝑇𝑚𝑎𝑥 = 𝑇𝑅𝑇 +
1

𝛼
(5. 36) 

With the equation above, 𝑇𝑚𝑎𝑥 is calculated to be 45.16 oC, and experimentally 

verified to be 46.5 oC. 

5.4.4 Two-segment sensors with a constant temperature heater 

From previous discussions, we found that the upper bound of measurement range 

is 180 μL/min, about the same as an eight-segment sensor. To further extend measurement 

range, we can increase the length of preheating segment (𝑄𝑚𝑎𝑥 ∝ 𝐿). However, this is 

highly inefficient because measurement range spans across multiple decades, but we 

cannot increase length across multiple decades easily. An better way to extend 

measurement range is to increase sensor’s effective length 𝑁𝑒𝑓𝑓. To do this, we could 

introduce an external heater with constant heating temperature.  

Figure 5.23 shows the schematics of a two-segment sensor with a constant 

temperature heater attached to the first segment. Such a heater can be bulk materials with 

high thermal conductivity, e.g. metals. Or it can be an array of fibers with active 

temperature sensing and heating control.  

 

     

Figure 5.23. Schematics of a two-segment sensor with a constant temperature heater.  
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Figure 5.24 shows the temperature responses of two-segment sensors with no 

preheating, with preheating from fiber segment and with preheating from constant 

temperature heater at 45 oC. Although the center temperature of fiber preheater is also at 

45 oC, the increase of effective length offers a significant extension of measurement range 

from 180 to 580 μL/min.  

 

Figure 5.24. Temperature responses of fiber sensors without pre-heater (blue line), with 

fiber segment as pre-heater (red line), and with constant temperature pre-heater (green 

line). 

In the case of two-segment sensors with constant temperature preheater, the 

tunability of sensor response is achieved through adjusting the temperature of heater. Since 

we use an external heating segment instead of CPE hot films, the max heating temperature 

is not limited by 45 oC anymore. Moreover, we can even apply a cooler for liquid pre-

cooling. Figure 5.25 shows the temperature responses of fiber sensors with constant 

temperature preheater at various temperatures. Altogether, a great extension of 

measurement range is achieved with constant temperature heater. Table 5.4 lists the 

measurement ranges of fiber sensors with constant temperature pre-heater at various 

temperatures from 0 to 60 oC. As we can see, the upper bound of measurement range 

reaches 1412.5 μL/min with the heater temperature at 60 oC, and the lower bound is as low 
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as 1.6 μL/min with the heater temperature at 0 oC. Overall, we achieved a measurement 

range across three decades with only 2 surface contacts necessary. 

 

 

Figure 5.25. Temperature responses of fiber sensors with constant temperature pre-heater 

at various temperatures from 0 to 60 oC. 

Table 5.4. Measurement ranges of fiber sensors with constant temperature pre-heater at 

various temperatures from 0 to 60 oC. 

Preheater temperature (oC) Measurement range (μL/min) 

0 1.6 ~ 44.7 

15 2.5 ~ 44.7 

30 4.0 ~ 125.9 

45 10.0 ~ 631.0 

60 44.7 ~ 1412.5 

5.5 UNIFICATION OF TWO TEMPERATURE DISTRIBUTION THEORIES 

So far, we have developed two analytical models to describe the temperature 

distribution of CPE films. One aims to solve the temperature distribution of a single-

segment sensor that is too long to be approximated as a constant. Another one aims to 

calculate the temperature distribution of a preheating segment at zero flow rate. Table 5.5 



 96 

and Table 5.6 lists basic descriptions of these two models. As we can see, the main 

difference of them is that one only considers cross sectional heat loss; whereas the other 

one only considers axial heat loss. In this section, we will develop a new model that unifies 

both of those two model. 

Table 5.5. Description of temperature distribution model for a long single-segment 

sensor.  

 Temperature distribution for a long single-segment sensor 

Typical distribution 

 

Physics Heat generation equals cross sectional heat loss. 

Solver One-way Coupling 

PDE 

𝑞0 − (𝑘 − 𝑞′)(𝑇 − 𝑇𝑅𝑇) = 𝑘"(𝑇 − 𝑇2) 

𝑘′′′(𝑇 − 𝑇2) = 𝑄
𝜕𝑇2

𝜕𝑥
 

Solution 𝑇 = 𝑇𝑝
′ − 𝑒

−
𝑞0
𝑄

 𝑥
⋅ (𝑇𝑝

′ − 𝑇𝑖𝑛) 
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Table 5.6. Description of temperature distribution model for a preheating segment.  

 Temperature distribution for a preheating segment 

Typical distribution 

 

Physics Heat generation equals axial heat loss. 

Solver Two-way Coupling 

PDE 𝑘
𝜕2𝑇

𝜕𝑥2
+ 𝑞0 − (𝑘′ − 𝑞′)(𝑇 − 𝑇𝑅𝑇) = 0 

Solution 𝑇 = 𝑇0 + 𝑐0 (exp (𝑐1 (𝑥 −
𝐿

2
)) − exp (𝑐1 (

𝐿

2
− 𝑥))) 

Now consider a differential segment that is subject to both axial heat loss and cross 

sectional heat loss. We can express the equilibrium state as: 

𝑘
𝜕2𝑇

𝜕𝑥2
+ 𝑞0 − (𝑘′ − 𝑞′)(𝑇 − 𝑇𝑅𝑇) = 𝑘"(𝑇 − 𝑇2)

𝑘′′′(𝑇 − 𝑇2) = 𝑄
𝜕𝑇2

𝜕𝑥
(5. 37)

 

where 𝑇 and 𝑇2 are hot film temperature and liquid temperature, respectively. All rest 

parameters follow the same symbol as we used in 5.4.3. Take the derivative of the first 

equation above with respect to 𝑥, and we arrive at: 

𝑘
𝜕3𝑇

𝜕𝑥3
− (𝑘′ − 𝑞′)

𝜕𝑇

𝜕𝑥
= 𝑘"

𝜕𝑇

𝜕𝑥
− 𝑘"

𝜕𝑇2

𝜕𝑥
 

Subsitituting the expresion for 𝜕𝑇2/𝜕𝑥, the equation above becomes: 

𝑘
𝜕3𝑇

𝜕𝑥3
− (𝑘′ + 𝑘′′ − 𝑞′)

𝜕𝑇

𝜕𝑥
= −

𝑘′′′

𝑄
𝑘′′(𝑇 − 𝑇2) (5. 38) 

Combine the two equations above and eliminate the term of 𝑘′′(𝑇 − 𝑇2). We have: 
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𝑘
𝜕3𝑇

𝜕𝑥3
− (𝑘′ + 𝑘′′ − 𝑞′)

𝜕𝑇

𝜕𝑥
= −

𝑘′′′

𝑄
𝑘

𝜕2𝑇

𝜕𝑥2
−

𝑘′′′

𝑄
𝑞0 +

𝑘′′′

𝑄
(𝑘′ − 𝑞′)(𝑇 − 𝑇𝑅𝑇) (5. 39) 

Rearrange the equation above, and we arrive at the final partial differential equation: 

𝑘
𝜕3𝑇

𝜕𝑥3
+

𝑘𝑘′′′

𝑄

𝜕2𝑇

𝜕𝑥2
− (𝑘′ + 𝑘′′ − 𝑞′)

𝜕𝑇

𝜕𝑥
−

𝑘′′′

𝑄
(𝑘′ − 𝑞′)𝑇 +

𝑘′′′

𝑄
((𝑘′ − 𝑞′)𝑇𝑅𝑇 + 𝑞

0
) = 0(5. 40) 

Low Q limit 

At the limit of low flow rate (𝑄→0), the equation above is simplified to 

𝑘
𝜕2𝑇

𝜕𝑥2
− (𝑘′ − 𝑞′)𝑇 + (𝑘′ − 𝑞′)𝑇𝑅𝑇 + 𝑞

0
= 0 (5. 41) 

This equation is the same as the PDE in Table 5.6, indicating that cross-sectional 

heat loss is negligible at low flow rate. 

High Q limit 

At the limit of high flow rate (𝑄→∞), the equation above reduces to 

𝑘
𝜕3𝑇

𝜕𝑥3
− (𝑘′ + 𝑘′′ − 𝑞′)

𝜕𝑇

𝜕𝑥
= 0 (5. 42) 

The temperature distribution becomes constant 𝑇𝑖𝑛, which agrees with the solution 

in Table 5.5. 

General cases 

In all other cases, the temperature distribution needs to be solved from Eq. 5.40. To 

solve it, we first need to find all roots for equation as follows: 

𝑘𝑡3 +
𝑘𝑘′′′

𝑄
𝑡2 − (𝑘′ + 𝑘′′ − 𝑞′) 𝑡 −

𝑘′′′

𝑄
(𝑘′ − 𝑞′) = 0 (5. 43) 

Suppose the roots are 𝑡1, 𝑡2 and 𝑡3. Then the general solution of temperature 

distribution becomes: 

𝑇(𝑥) = 𝑐1𝑒𝑡1𝑥 + 𝑐2𝑒𝑡2𝑥 + 𝑐3𝑒𝑡3𝑥 + 𝑇𝑅𝑇 +
𝑞0

𝑘′ − 𝑞′
, (5. 44) 

where 𝑐1, 𝑐2, and 𝑐3 are all constants determined by boundary conditions. 
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To summarize this chapter, we have theoretically optimized the geometry of single-

segment sensors, with over 20% improvements on sensitivity over original geometries. 

Novel structures of a preheating segment and a sensing segment significantly reduces the 

complexity of post-drawing fabrication, without sacrificing measurement range. 

Furthermore, we propose that by introducing an external heater with constant temperature, 

the measurement range extends more than 10 times. More importantly, we conducted two 

temperature distribution analyses to understand the evolution of hot film temperature along 

the segment, and unified them together as well. This offers us great knowledge to develop 

distributed sensors in next chapter. 
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Chapter 6:  Distributed Fiber Sensors 

In this chapter, we investigate a general strategy to achieve distributed sensing with 

electronic sensors. The general strategy applies to many sensing modalities, such as 

temperature sensors, acoustic sensors, flex sensors and flow sensors. We develop a first-

order current flow model to estimate the spatial resolutions for such distributed sensors, 

and point out the direction for future optimization based on our model. Then we focus on 

flow sensors for the demonstration of distributed sensing. A complete demonstration of 

distributed flow sensors is provided with FEM simulations.    

6.1 MOTIVATION OF DISTRIBUTED SENSORS 

6.1.1 Limitations of Optical Distributed Sensors 

Distributed sensing refers to a sensing technology with continuous measurements 

along the entire length of a fiber. [61]–[64] Its popularity in oil and gas industry arises from 

its high spatial and temporal profiling over long lengths, large areas, as well as locations 

where conventional point sensing cannot reach. Distributed optical fiber sensors (DOFS) 

are the most popular distributed fiber sensors and have been widely used in civil 

engineering. DOFS utilize light scattering, for example Raman and Brillouin scattering, to 

acquire information about the fiber properties, and subsequent environmental parameters 

[61]. Both Raman and Brillouin scattering are highly dependent on propagation medium 

temperature and strain. Hence, two main applications of DOFS are distributed temperature 

sensors or distributed strain sensors.  

Typical DOFS suffer from the low spatial resolution, i.e. tens of centimeter to 

meter. For example, the spatial resolution 𝛥𝑍𝑚𝑖𝑛  for a time-domain reflectometry 

(OTDR) based DOFS is dependent on the pulse width 𝜏 and the refractive index of the 

fiber 𝑛:  
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𝛥𝑍𝑚𝑖𝑛 =
𝑐𝜏

2𝑛
. (6. 1) 

For a typical pulse width of 10 ns and refractive index of 1.5, Equation 5.1 gives a 

spatial resolution of ~1 m. Many research groups have proposed various techniques to 

improve the spatial resolution to tens of cm level [62], [65]. However, those techniques 

inevitably bring out many other problems, such as expensive laser system, low 

measurement range in length or low measurement precision in temperature/strain. And 

none of those techniques can bring down the spatial resolution to sub-cm level. Other than 

low spatial resolution, it is rather difficult to integrate high-precision laser system into low-

cost wearable electronics.   

6.1.2 Previous work on electrical fiber sensing Over Large Area 

Multipoint Surface Contact 

Fibers are inherently uniform along its axial direction, thus fundamentally difficult 

to resolve the location information along the fibers. Researchers have proposed various 

methods to detect the signal strength together with location information using electrical 

fibers. Sorin et. al. proposed a photo detecting fiber that resolves optical illumination 

distributions by scanning the potential profile along the fiber. When an optical signal is 

impingent on the fiber, the local resistivity will change, which alters the surrounding 

potential distribution. Thus, the signal strength and location information can both be 

acquired through measuring the potential at various locations along the fibers.    

However, this method requires multiple surface contacts constructed along the 

entire fiber. The density of surface contacts directly determines the spatial resolution. For 

a signal that impinges between two adjacent contacts, this method cannot resolve its 

location information. What is worse, this method also requires the establishment of 

electrical connection to all contacts along the fiber, which needs to be built after thermal 
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drawing. As a consequent, it is rather difficult to use it cover large area or long distance. 

Overall, this technique does not achieve distributed sensing since it cannot resolve 

information continuously with signal received at the end of the fiber.    

2N Sensor Grid 

Another popular way to resolve location information is to form a sensor grid with 

2N fibers. Bayindir et. al. reported such a sensor grid of N horizontal fibers resolving x 

coordinate and N vertical fibers detecting y coordinate [12]. Thus, a sensor grid of 2N 

fibers is able to detect the location (x, y) as well as the strength of a signal (touch point and 

finger temperature). 

However, this method is limited to one signal input at a time. When signals come 

to multiple points at the same time, this sensor grid cannot resolve any of them. For 

example, two signals of strength 𝐴1 and 𝐴2 arrive at two different points (𝑥1, 𝑦1) and 

(𝑥2, 𝑦2). On the fibers’ side, two horizontal fibers (corresponding to 𝑥1 and 𝑥2) and two 

vertical fibers (corresponding to 𝑦1 and 𝑦2) detect the signal simultaneously. The sensor 

grid cannot tell if the signals locate at (𝑥1, 𝑦1) & (𝑥2, 𝑦2) or at (𝑥1, 𝑦2) & (𝑥2, 𝑦1). Thus, 

the applications of this sensor grid is strongly limited to the assumption that only one signal 

source exists at a time, which is not practical for many real-world applications such as 

thermal mapping or remote sensing. 

Overall, these substantial limitations with current optical distributed sensors limit 

their applications in wearable devices or microfluidics systems, which requires easy setup, 

portable distributed sensing techniques. Meanwhile, electrical fibers are not capable to 

achieve distributed sensing, or sensing over a long distance or large area. Thus, it important 

to explore new structures for electrically active distributed sensing. 
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6.2 MECHANISMS OF FIBER DISTRIBUTED SENSORS 

6.2.1 Fundamental requirements of distributed sensing 

Although intensive research work has been done to enable electrical fibers with 

distributed sensing, none of them really achieves it. Essentially, a truly distributed fiber 

sensor should satisfy two fundamental requirements as follows: 

 Breaking of axial uniformity; 

 Ability to record a signal of two degrees of freedom at the near or far end; 

Thermal drawn fibers are inherently uniform along the axial direction, thus cannot 

resolve impingement locations of incoming signals. Optical distributed fibers either utilize 

a Bragg gratings integrated on a short segment within the fibers [66], or employ optical 

time (or frequency) domain reflectometry measurement principles [61], [63] to break axial 

uniformity. As to electrically active fibers, current method to break axial uniformity is to 

construct multiple surface contacts along the fiber (as we mentioned in 4.7 and 6.1.2). This 

process requires post-drawing fabrication, and can be extremely tedious when dealing with 

a long segment. 

Other than the breaking of axial uniformity, fiber distributed sensors also requires 

the ability to record a signal of at least two degrees of freedom at the near/far end. This is 

because the location and the strength of incoming signals are completely independent 

variables. Thus, at least two degrees of freedom is required to describe incoming signals. 

Optical distributed fibers record both the strength and the time duration (or frequency) of 

backscattered light. However, it is quite difficult for electrical fibers to record signals with 

two degrees of freedom. Consequently, previous work relies on N signals with one degree 

to freedom to interpolate 2D distribution, which is done through N surface contacts or 2N 

independent fiber sensors (see 6.1.2 for details). 
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Taken as a whole, to achieve truly distributed sensing in fiber sensors, we need to 

come up with completely novel device structures, which not only break the axial symmetry, 

but also allow to record signals of at least two degrees of freedom.             

6.2.2 Microfluidics-enabled fiber distributed sensors 

We address those challenges by introducing a microfluidics droplet to locally 

activate fiber sensors, hence breaking the axial uniformity. The droplet slides along the 

entire fiber for sensing at various locations. Recorded signals have two degrees of freedom: 

amplitude and time. Therefore, microfluidics-enabled fiber distributed sensors resolve both 

of those two fundamental requirements mentioned earlier.  

Specially, our proposed fiber distributed sensors consist of three components: 

1. Two metal strips that offer ultra-high axial conductivity; 

2. Conductive polymeric films that offer low cross-sectional conductivity; 

3. A microfluidics droplet that forms a closed-loop path for current flow; 

Figure 6.1 shows the schematics of a general fiber distributed-sensor. The top plate 

and the bottom plate are electrically connected through the droplet in the fluidic channel. 

Due to the significant contrast of conductivity between metal (~107
 S⋅m) and conductive 

polymeric films, i.e. CPE (~2 S⋅m), metal strips are treated as equipotential objects. The 

crosswise resistance of CPE films dominates the overall resistance from terminal A to B, 

and current flows through CPE films locally around the droplet. By moving the droplet 

along the entire fiber, we obtain the distribution of CPE resistance along the fiber, which 

is highly sensitive to many environment parameters, such as temperature, flowrate, strain, 

or acoustic pressure.      
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Figure 6.1. Schematics of a general fiber distributed sensor. 

6.2.3 Potential fiber distributed sensors and their applications 

With the knowledge we have known, as well as the materials available, we 

proposed the following fiber distributed sensors possible with the general strategy 

mentioned above: 

1. Distributed thermal/temperature sensors; 

2. Distributed flexion/bend sensors; 

3. Distributed flowrate sensors; 

4. Distributed acoustic sensors; 

In this section, we focus on the first two distributed sensors and discuss their 

potential applications. Distributed temperature sensors utilize the high temperature 

coefficients of resistance (TCR) of CPE films (see 2.4.3). One of the potential application 

for distributed temperature sensors could be intelligent cloth to protect firefighters. 

Firefighters start experiencing discomfort or pain when skin temperature reaches 44 oC, 

and would suffer first-degree burn at only 4 degrees above this value. At 11 degrees above 

this value, it becomes second-degree burn and more serious burn47. The minor temperature 

difference between discomfort and burn injures makes it extremely important to put 

temperature sensors on firefighters’ clothes. Using fiber distributed-sensors for intelligent 

cloth can closely map the temperature distribution over the whole surface with only one or 
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a few sensor units. Moreover, the high temperature spot is detected together with its 

location, which could be crucial to protect firefighters in time.  

Distributed flex sensors, on the other hand, take the advantage of the stress 

dependent resistance of CPE films. One main application for distributed flex sensors could 

be wearable devices as video game touchless controller or robotic control. Current widely 

used flex sensors only extract the overall bending status, hence cannot resolve complex 

shapes or gestures. Distributed flex sensors, however, can reconstruct the local curvature 

information along the entire fibers, regardless of the overall complexity. Thus, it could 

significantly improve the performance of current wearable touchless controller.  

In later sections of this chapter, we demonstrate the concept of distributed sensors 

for flow monitoring. Among the four potential sensors mentioned here, we choose 

distributed flow sensors for demonstration not only because we have accumulated enough 

knowledge about fiber flow sensors from previous chapters, but also because distributed 

flow sensing is the most complicated one among the four, which involves many physics 

being coupled together.   

6.3 ELECTRICAL CURRENT PROFILE OF DISTRIBUTED FLOW SENSORS 

In this section, we investigate the electrical current profile of distributed flow 

sensors. We first analyze the lumped-element circuit model to valid previous assumption 

that crosswise CPE resistance dominates the overall resistance between two terminals at 

the near end of the fibers. Then we develop a first-order current distribution model to 

estimate the spatial resolution of fiber distributed sensors, which also poses the direction 

for future optimization.  
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6.3.1 Lumped-element circuit model 

The basic structure of a distributed flow sensor (as shown in Figure 6.2) follows a 

similar design strategy as regular fiber flow sensors. The inner channel consists of a droplet 

that slides along the entire fiber to locally heat up the hot film CPE, and hence resolves the 

local flow rate outside of the fiber. Comparing to the structure of regular fiber flow sensors, 

we removed the dielectric layers adjacent to the inner channel to allow current flow into 

the droplet. On the outer surfaces, we add extra dielectric layers to protect CPE films from 

shorted by streaming fluid. The CPE films are cut open to force electrical current flows 

through a longer distance before flows into the droplet.   

  

 

Figure 6.2. Schematics of cross sectional geometry for fiber distributed sensors. 

With the device structures ready, we conduct a circuit model analysis of fiber 

distributed sensors. Figure 6.3 shows the lumped-element circuit model for fiber distributed 

sensors. Here 𝑟1 represents the distributed resistance of Bi-Sn metal strips, estimated to 

be 10 Ω/m. 𝑅2 indicates the crosswise resistance of CPE films, estimated to be 10 k Ω. 

And 𝑅3 arises from the resistance of the sliding droplet, estimated to be 10 Ω. The overall 

resistance between two terminals on the left end equals: 

𝑅𝑇 = 2𝑟1 ⋅ 𝑥 + 2𝑅2 + 𝑅3, (6. 2) 

where 𝑥 is the distance from the droplet to current injection point. 
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Figure 6.3. Lumped-element circuit model for fiber distributed sensors 

Substitute the resistance of CPE measured in 2.3.1, we rewrite the equation above 

as: 

𝑅𝑇 = (
2𝑥

cm
+ 10)  Ω + (0.87 ⋅ 𝑒0.091(𝑇−25) + 9.1) kΩ. (6. 3) 

This equation reveals that the overall resistance only varies by less than 1% for a 

50-cm-long sensor segment at constant temperature. Thus, local resistance of CPE films 

dominate the overall resistance.  

6.3.2 First-order current distribution theory 

The spatial resolution of a distributed flow sensor deeply inherits from the spread 

of its current distribution, which cannot be explained by previous lumped-element circuit 

model. Thus, we developed a first-order current distribution theory to estimate the spatial 

resolution. 

Figure 6.4 shows the illustration for this first-order current flow model. From the 

cross section of fiber distributed sensors (Figure 6.4a), we first extract the structures 

involve current flow, i.e. metal, CPE, and droplet (Figure 6.4b). Due to the symmetry 

between top place and bottom plate, we only keep half of the structures (Figure 6.4c). 

Unfolding CPE films, we arrive at a large CPE plane with metal electrode on the left end 

and droplet on the right end. In first-order approximation, we treat the metal electrode and 
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droplet both as equal potential regions. Therefore, the current distribution can be solved 

within the 2D plane of CPE films. 

    

 

Figure 6.4. Illustrations for first-model current flow model.  

We apply the method of image current sources to solve the 2D current distribution 

in a system described in Figure 6.4d. This method creates a series of image current sources 

to analog the effect of metal electrodes. As we can see in Figure 6.5, each current source is 

adjacent to two other sources of the same amplitude but opposite sign at a distance of 2𝑑, 

where 𝑑 is the distance between original current source to either metal electrode. In first-

order approximation, we treat the droplet as a point current source, thus the current 

distribution of a source 𝐼 located at (𝑥0, 𝑦0) equals 

𝑗(𝑥, 𝑦) =
𝐼

2𝜋
⋅

1

√(𝑥 − 𝑥0)2 + (𝑦 − 𝑦0)2
. (6. 4) 

It is quite trivial to conclude that current spreads out the most at the middle between 

two opposite current sources, e.g. 𝑦 = 0, where metal strips locate. Thus, we only consider 

the projection of current distribution on 𝑦 axis at 𝑦 = 0. 
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𝑗(𝑥, 0) =
𝐼

2𝜋
⋅

1

√(𝑥 − 𝑥0)2 + (𝑦 − 𝑦0)2
⋅

𝑦0

√(𝑥 − 𝑥0)2 + (𝑦 − 𝑦0)2
. 

Or,  

𝑗(𝑥, 0) =
𝐼

2𝜋
⋅

𝑦0

(𝑥 − 𝑥0)2 + (𝑦 − 𝑦0)2
. (6. 5) 

 

 

Figure 6.5. Diagram for the method of image current sources. 

With the equation above, we sum up the current distribution from all image sources. 

The overall current distribution becomes: 

𝑗 = −
𝐼

𝜋
(

𝑑

𝑥2 + 𝑑2
−

3𝑑

𝑥2 + 9𝑑2
+

5𝑑

𝑥2 + 25𝑑2
− ⋯ ) =

𝐼

𝜋
∑ (

(−1)𝑛(2𝑛 − 1)𝑑

𝑥2 + ((2𝑛 − 1)𝑑)
2)

∞

𝑛=1

(6. 6) 

The sum of this series converges to: 

𝑗 =
𝐼

2𝑑
(

1

cosh (
𝜋

2𝑑
𝑥)

) , (6. 7) 

which becomes the final current distribution model for distributed fiber sensors. 
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Current distribution at an arbitrary point  

Without delving too deep into math derivation, here we only briefly describe our 

strategy to calculate the distribution at an arbitrary point. We first translate the current 

distribution problem to a potential distribution problem, which requires solving the Laplace 

equation with boundary conditions defined at two metal lines. We then separate the two 

variables x and y in this Laplace equation, which can be solved with Green’s function. 

Finally, we derive out the potential distribution described as: 

𝜙 − 𝜙0 =
𝐼𝜌

𝜋
ln

(cosh (
π

2𝑑
𝑥) − 0.5 cos

π
2𝑑

(𝑦 − 𝑑))

(cosh (
π

2𝑑
𝑥) − 0.5 cos

π
2𝑑

(𝑦 + 𝑑))
(6. 8) 

From this point, we can calculate the current distribution at an arbitrary point: 

𝑗𝑥 =
1

𝜌

𝑑𝜙

𝑑𝑥
=

𝐼

2𝑑
(

sinh (
π

2𝑑
𝑥)

(cosh (
π

2𝑑
𝑥) − 0.5 cos

𝜋
2𝑑

(𝑦 − 𝑑))
−

sinh (
π

2𝑑
𝑥)

cosh (
π

2𝑑
𝑥) − 0.5 cos

𝜋
2𝑑

(𝑦 + 𝑑)
) 

𝑗𝑦 =
1

𝜌

𝑑𝜙

𝑑𝑦
=

𝐼

2𝑑
(

 sin (
𝜋

2𝑑
(𝑦 − 𝑑))

cosh (
π

2𝑑
𝑥) − 0.5 cos

𝜋
2𝑑

(𝑦 − 𝑑)
−

sin (
𝜋

2𝑑
(𝑦 + 𝑑))

cosh (
π

2𝑑
𝑥) − 0.5 cos

𝜋
2𝑑

(𝑦 + 𝑑)
) 

6.3.3 Current distribution claculated from FEM  

To validate our first-order current distribution theory, we simulate the current distribution 

of distributed fiber flow sensors with a FEM solver. Figure 6.6 shows the reuslts on CPE films with 

droplets located at four different locations (bottom blue squares). Metal trips locate at the top of 

each subplots. Color varies from yellow to blue indicating the amplitude of the current. Red arrows 

show the direction of current flow. As we move the droplet from right to left, it also focuses the 

current distribution around it. As a result, only local CPE films have current flowing through. 
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Figure 6.6. Current disstributions of distributed fiber flow sensors. 

We extract the current distribution at the interface between CPE films and metal strip, and 

fit simulated results with analytical model we discussed in 6.3.2. Figure 6.7 shows the results with 

droplet located at two different locations (blue and red). As we can see, fitting curves match FEM 

simulations very well between 5 cm to 15 cm. Beyond this region, fittng curves are a little off from 

FEM results becuase it is too close to the edges (0 cm and 20 cm) of FEM simulated domain.     
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Figure 6.7. Simulated (dots) and fitted (lines) current disstribution at CPE/metal 

interface. 

6.3.4 Spatial resolution of fiber distributed sensors   

The Joule heating is proportional to the square of current distribution. As a result, 

Joule heating mainly happens at the region with large current flow. On the other hand, the 

voltage responses of fiber distributed sensors are directly related to current flow. Thus, we 

define the spatial resolution as the region that includes 99% current contributions. To solve 

this region, we calculate the integration of the equation above from –𝑤 to 𝑤: 

𝐼𝑎𝑐𝑡𝑖𝑣𝑒 = ∫
𝐼

2𝑑
(

1

cosh (
𝜋

2𝑑
𝑥)

)
𝑤

−𝑤

d𝑥 =
2𝐼

𝜋
arctan(𝑒

𝜋
2𝑑

𝑤 − 𝑒−
𝜋

2𝑑
𝑤) . (6. 9) 

With this equation, we can conclude that: 

 Region from -∞ to ∞, 𝐼𝑎𝑐𝑡𝑖𝑣𝑒 = 𝐼; 

 Region from −3𝑑 to 3𝑑, 𝐼𝑎𝑐𝑡𝑖𝑣𝑒 = 0.989 ⋅ 𝐼; 

 Region from−2𝑑 to 2𝑑, 𝐼𝑎𝑐𝑡𝑖𝑣𝑒 = 0.945 ⋅ 𝐼; 

 Region from−𝑑 to 𝑑, 𝐼𝑎𝑐𝑡𝑖𝑣𝑒 = 0.739 ⋅ 𝐼; 
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Thus, we estimate the spatial resolution to be 3d, which equals to 8 mm, from first-

order current distribution theory. To get a more accurate result, we set the temperature of 

CPE films as a step function from 𝑇0 to 𝑇1 (see Figure 6.8). Then the droplet slides inside 

of fluidic channel and senses the temperature distribution.  

 

 

Figure 6.8. Simulation setup for step response of fiber distributed sensors.  

Figure 6.9 shows the simulated step responses of fiber distributed sensors with a 

sudden change of 10 degree happens at 0 mm. At 5 mm away, the measured temperature 

is less than 0.5% different from set temperature of CPE films. At 8 mm away, the difference 

drops to ~0.05%. In other words, FEM results reveal a much finer spatial resolution than 

first-order theory. The difference comes from the overestimate of current spread in first-

order theory, where we only consider the maximum current spread at metal/CPE interface.  
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Figure 6.9. Step response of fiber distributed sensors.  

So far, we have analyzed the electrical behaviors of fiber distributed sensors. We 

verify that such distributed sensors satisfy both of the two fundamental requirements in 

6.2.1. Moreover, we developed a first-order current flow theory to describe the current 

spread on CPE films, from where we estimate the spatial resolution to be 8 mm. Later FEM 

simulations also corroborate a sub-cm spatial resolution. With those knowledge ready, we 

will start demonstrating distributed fiber sensors in next section. 

6.4 DEMONSTRATION OF DISTRIBUTED FIBER FLOW SENSORS IN SIMULATIONS 

In this section, we demonstrate the concept of distributed flow sensors with FEM 

simulations. The demonstration consists of three steps: first we show the temperature and 

voltage responses of distributed flow sensors to flow rate; next we provide the temperature 

and voltage responses with the droplet located at various locations; last we conduct a scan 

of fully developed laminar flow profile and reconstruct the flow velocity profile with 

recorded data.  
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6.4.1 Simulation Setup 

A 3D first-principle finite-element-method (FEM) analysis [60] is conducted to 

demonstrate the concept of distributed flow sensors. The complete model involves the 

coupling of at least three physics modules: 

 electric currents module for current flow in metal strips and droplet; 

 electric currents, shell module for current flow on CPE films; 

 conjugate heat transfer module for heat transfer in solids and fluids; 

 laminar flow module is optional for the establishment of a flow profile; (it is 

necessary when only a portion of laminar flow profile is needed in conjugate 

heat transfer module) 

 moving mesh module is optional for the movement of the droplet; (it is 

necessary when we are interested in time-dependent solution) 

The geometry setup of simulated structure is shown in Figure 6.10. Note that only 

half of the structure is simulated due to the xy-plane symmetry. For preliminary 

demonstration, we only simulate a device of 60-mm-long, and the streaming liquid passes 

through a rectangular tank sits on the top of the device. The side surfaces are subject to free 

convection to air, which follows 𝑄 = ℎ ⋅ (𝑇𝑠𝑜𝑙𝑖𝑑 − 𝑇𝑅𝑇). 𝑇𝑠𝑜𝑙𝑖𝑑  is the temperature of 

solids at the interface, and 𝑇𝑅𝑇 is room temperature at 24 oC. We use the same values for 

heat transfer rate h as previous simulations in 4.6.1: 125 W/(K⋅m2). The droplet is simply 

treated as a rectangular bar of 1-mm-long and fills the entire fluidic channel. Note that we 

have shown that 1.9-cm-long segment is sufficient to cover active fiber region for thermal 

analysis, and we will also show that 6-cm-long segment is sufficient for electrical analysis.   
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Figure 6.10. Geometry setup for the demonstration of fiber distributed sensors.  

6.4.2 Responses of distributed sensors to flow rate 

We first calculate the temperature and voltage responses with the droplet locates at 

the center (y = 10 mm), as shown in Figure 6.11. Notice that the x-axis is now flow velocity 

(m/s) instead of flow rate (μL/min), since the device senses the out-of-channel flow and 

volumetric flow rate is not clear in this case. Three flow regimes are clearly seen in Figure 

6.11: a dead regime below 0.02 mm/s, a sensitive regime between 0.1 to 10 mm/s and a 

saturation regime beyond 10 mm/s. The average sensitivity within sensitive regime is 

calculated to be 0.82 oC/(mm/s), which translates to a voltage sensitivity of 0.27 V/(mm/s). 

In other words, fiber distributed flow sensors behavior similar to single-point fiber flow 

sensors in Chapter 3. Overall, the temperature and voltage responses have demonstrated 

that fiber distributed sensors are sensitive out-of-channel streaming fluid. In next section, 

we will demonstrate that this response is insensitive to the location of droplet.  
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Figure 6.11. Temperature (a) and voltage (b) responses of fiber distributed sensors. 

6.4.3 Responses of distributed sensors to droplet locations 

We picked up three specific flow velocities from Figure 6.11: 0.1, 1 and 200 mm/s, 

which correspond to three film temperatures of 35, 30 and 25 oC, respectively. Then we 

simulate the temperature and voltage responses to droplet locations, subject to those three 

flow velocities. In an ideal case, the temperature responses should be completely 

independent of droplet locations, whereas the voltage responses should also be insensitive 

(<1% change, see 6.3.1 for details).  

Figure 6.12 shows the simulated temperature and voltage responses. As we can see, 

both the temperature and voltage responses are indeed insensitive to droplet locations. The 

voltage responses are subject to a relatively larger variation, but still within 0.03% change. 

This relatively larger variation is mostly caused by the different contribution of metal 

resistance at different droplet locations, which can be further eliminated by a linear de-

trending.  
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Figure 6.12. Temperature (a) and voltage (b) responses of fiber distributed sensors with 

droplet located at various locations. 

Required lengthwise dimensions for accurate simulations 

As we mentioned earlier, the inconsistence of voltage responses to droplet at 

different locations is directly related to the size of our simulated structures. To verify it and 

find out the minimum lengthwise dimensions required, we conducted a similar scan with a 

much longer segment of 6 cm. The temperature of CPE is set at constant room temperature 

to get the nominal resistance as a function of droplet location. The simulation results in 

Figure 6.13 perfectly match our expectation: the large resistance change only exists around 

two edges of the fiber. In a long segment of 6 cm (Figure 6.13b), we obtain a wide region 

from 15 mm to 45 mm where nominal resistance stays near constant. We further zoom in 

this region, and re-plot it in Figure 6.13c. As we can see, nominal resistance gradually 

increases at a constant rate of 20 Ω/m, or 0.21% per meter. This agrees with our lumped-

element model in 6.3.1, where metal strips have a conductivity of 107 S/m and a cross-

sectional area of 100x50 μm. At a location 15 mm away from the edge of fiber, nominal 

resistance drops to less than 0.005% off predictions from lumped-element model. Thus, the 

required lengthwise dimensions is 1.5 cm before and after active sensing region. For 
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example, to test a 2-cm-long distributed sensor, the lengthwise dimensions needs to be at 

least 5 cm.  

 

 

Figure 6.13. Dependence of nominal resistance on droplet location for (a) a 2-cm-long 

segment and (b, c) a 6-cm-long segment.  

6.4.4 Demonstration of scanning flowrate distribution 

For the final demonstration, we would like to show the scan of flow velocity 

distribution along the axial direction of the fiber. Figure 6.14 shows the simulation setup 

for such demonstration. A laminar flow profile is applied to the streaming fluid in the tank, 

with flow velocity to be 𝑣 = −0.036(𝑥 − 10)2 + 1 mm/s. The droplet slides from 5 mm 

to 15 mm to sense the flow velocity distribution within this region. Note that the droplet 

scan range is carefully chosen to minimize the effects from two edges of the fiber. 

Moreover, the flow velocity only varies from 0.1 to 1 mm/s within this scan range, 

matching the most sensitive region in Figure 6.11.    
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Figure 6.14. Simulation setup for scanning flowrate distribution.  

Figure 6.15 shows simulated temperature and voltage profile. Each profile 

translates into a flow velocity profile independently using results we acquired in Figure 

6.11. We plot the reconstructed flow profiles together with environment flow profiles in 

Figure 6.16. As we can see, all simulated points match local flow velocities near perfectly. 

In the profile reconstructed from sensor temperature (Figure 6.16a), the maximum error is 

below 0.05 mm/s. The relatively larger error from sensor temperature is caused by the way 

we extract temperature response: we use the maximum hot-film temperature as the 

temperature response. However, the maximum hot-film temperature does not occur at 

where the center of droplet locates when profiling a non-uniform temperature distribution. 

Instead, it occurs towards the side that has lower flow velocity, which causes the 

underestimated flow velocity in Figure 6.16a. Fortunately, for the profile translated from 

sensor voltage (Figure 6.16b), the maximum error is below 0.008 mm/s, or 1.4%, still 

demonstrating a good match and small uncertainty. 
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Figure 6.15. Measured (a) temperate and (b) voltage responses when scanning a laminar 

flow profile.   

 

 

Figure 6.16. Original flow profile (red line) and reconstructed flow profile (circles) from 

measured temperature (left) and voltage (right) responses. 

To conclude this chapter, we have demonstrated the concept of distributed flow 

sensors with FEM simulations. We reported mm-level spatial resolution, as well as 9% 

accuracy of flow velocities between 0.1 to 1 mm/s. A first-order current distribution theory 

is proposed to estimate spatial resolution, and also points out the direction for future 
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optimization. Voltage responses still suffer large error, which can be reduced by increasing 

lengthwise dimensions of simulated structures. Overall, we successfully demonstrated the 

soundness of electrically active distributed sensors for the first time, which opens up 

tremendous opportunities in developing novel distributed sensors. 
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Chapter 7:  Conclusion 

In this chapter, we conclude the entire dissertation and talk about electrically active 

microfluidic fibers altogether. We review the questions we asked in introduction, and 

answer them with the contents of this dissertation. For future work, we address remaining 

improvements to be done on current microfluidic fibers. Afterwards, we also propose a few 

new microfluidic fibers available based on the contents in this dissertation.  

7.1 SUMMARY 

Overall, this dissertation focuses on a hybrid technology called electrically active 

microfluidic fibers, which marry microfluidics and multimaterial fibers together (see 

Figure 7.1). This work starts by trying to find a better solution for fluidic chip-to-chip 

interconnects, where simple plastic tubing is currently used with no active functionalities 

integrated. As we add more and more units on those hollow fibers, we are excited to find 

out this novel devices enjoy the benefits from both microfluidics side and multimaterial 

fibers side. Furthermore, with this novel technology, we develop novel distributed sensors 

that do not exist before: electrically active fiber distributed sensors. 

 

 

Figure 7.1. Electrically active microfluidic fibers as the marriage of multimaterial fibers 

and microfluidics.  
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Back to the questions we asked in Chapter 1, have we solved all of them? 

The first question is “Can microfluidic fibers form a closed-loop flow control 

system, i.e. a system consists of active flow controllers and flow monitors?”. We obviously 

proved it by using exactly the same device for both demonstrations of fiber flow sensor in 

Chapter 2 and fiber pumps in Chapter 3. 

The next question is “Can devices made with microfluidic fibers outperform state-

of-the-art commercial sensors/actuators?”. The answer is yes. We demonstrated fiber flow 

sensors that exhibit record-setting flow sensitivity, with ultra-low pressure drop and less 

than 20 degree temperature rise. We also shown fiber pumps that behaves sub-100-ms 

initialization time and predictable flow response. All of those performances inevitably 

outperform state-of-the-art commercial sensors/actuators. 

Then we asked “Can microfluidic fibers, as a hybrid technology, marry the benefits 

from both microfluidics and multimaterial fibers?”. And the answer again is yes. We use 

fiber pumps (Chapter 2) to demonstrate precise liquid control and fiber flow sensors 

(Chapter 3) to demonstrate rapid heat transfer, both benefits are from microfluidics 

technology. Then we also use flow sensors optimization (Chapter 4) to show adjustable 

device length in axial direction and distributed sensors (Chapter 5) to show exceptional 

aspect ratio, both benefits are from multimaterial fibers.  

The last question is “Can microfluidic fibers, as a novel technology, offer new 

opportunities for sensing/actuating modalities that do not exist before?”. We use 

microfluidic fibers to demonstrate the first ever implementation of distributed sensing in 

electrically active fibers (Chapter 5). This device does not exist before. 

Altogether, as a novel hybrid technology, electrically active microfluidic fibers 

pave the way towards a complete functional overhaul of microfluidics feed lines needed in 
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large-scale multi-chip integration in microfluidics and open new possibilities in lab-on-

fiber technologies. 

7.2 FUTURE WORK 

7.2.1 Low voltage actuated fiber pumps 

The minimum driving voltage for fiber pumps is 220 V, which is not safe for many 

biomedical applications. Thus developing low voltage actuated fiber pumps is of great 

interest to us. To provide enough pumping force at a low voltage, we need to create a thin 

and uniform dielectric layer to increase the interfacial capacitance (see 3.3.2). However, 

the dielectric layer we currently use, low-density polyethylene (LDPE), suffers a low 

melting temperature of 105~115 oC. It completely melts when we draw our fibers at 290 

oC, which is necessary due to the high glass-transition temperature of cladding materials. 

As a result, we cannot create a thin and uniform dielectric layer adjacent to fluid channel. 

Instead, we add silicone oil to protect conductive polymeric films from shorting, which 

forms a thick protective layer that significantly brings down the interfacial capacitance.    

To develop low voltage actuated fiber pumps, it is necessary to find new materials 

that is compatible with the thermal drawing of polycarbonate fibers. This new materials 

should also be hydrophobic for a large starting contact angle at zero potential.   

7.2.2 Droplet-based flow injection with fiber pumps 

All EWOD actuated micro pumps suffer the same problem: liquid can only be 

pumped into the system, and cannot be pumped out. From the thermodynamic standpoint 

(see details in 3.2.1), EWOD can only reduce contact angle instead of increasing it. Thus, 

net force always point inward to the fluid channel. From the electromechanical standpoint, 

electrostatic force always attract more liquid into the capacitor instead of pulling them out. 
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Fortunately, in a droplet-based system, we can overcome this fundamental 

challenge by switching on and off multiple (at least two) independent pumps connected in 

series, thanks to the exceptional aspect ratio of fibers. Here, we provide two possible 

configurations for such systems. 

In Figure 7.2, three independent micro pumps are connected in series. The entire 

pumping process starts with the first droplet enters into fiber segment #1 while the second 

droplet already leaves fiber segment #1. We switch segment #1 on and continually pump 

the first droplet into the system until the second droplet enters segment #3. Then switch off 

segment #1 and switch on segment #3 until the first droplet enters segment #2. The last 

step is to switch segment #3 off and segment #2 on until the system evolves back to the 

start state of step 1. Such configuration requires uniform droplet distribution, which might 

be difficult to achieve in many applications.    

 

 

Figure 7.2. Configuration of droplet-based flow injection. 

Alternatively, if we can segment the same piece of fiber into three independent 

pumps with negligible gaps between them, the requirements are much easier to accomplish. 

For example, the configuration shown in Figure 7.3 only requires the length of each droplet 

being larger than the length of each pump segment.  
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Figure 7.3. Alternative configuration of droplet-based flow injection. 

7.2.3 Demonstration of two-segment flow sensors in experiments 

In Chapter 5, we demonstrated the concept of two-segment flow sensors in FEM 

simulations, with the same dynamic range but much reduced number of surface contacts. 

Moreover, if external heater with constant temperature is allowed, we can significantly 

extend dynamic range by another 7x. Thus, a natural extension of flow sensor project 

would be the demonstration of two-segment flow sensors in experiments.  

7.2.4 Demonstration of distributed flow sensors in experiments  

In Chapter 6, we demonstrated the concept of distributed flow sensors with sub-cm 

spatial resolution, which is the first electrical distributed sensors. Future work can be 

conducted to demonstrate it in experiments.    

7.2.5 Other forms of distributed sensors  

In section 6.2.3, we introduced four possible forms of distributed sensors, and 

focused on the potential applications of distributed thermal sensors and distributed flex 

sensors. Future work can be carried out around those sensors, especially distributed flex 

sensors. Distributed flex sensors have great potential in gaming industry as wearable game 

controllers.  
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Other distributed sensors, such as distributed flow sensors, distributed impedance 

sensors, distributed acoustics sensors, also have many applications in biomedical devices. 

Many biomedical instruments require the measurement of tomography, where distributed 

sensors can be greatly useful. For example, distributed flow sensors can be applied in 

velocimetry; distributed impedance sensors are favorable for complete blood count; and 

distributed acoustics sensors can highly benefit high-resolution ultrasound imaging.    

7.2.6 Alternative methods of breaking axial uniformity 

Our proposed distributed sensors utilize a droplet to break axial uniformity, which 

is an effective method but can be slow in a long segment. Inspired by the fiber Bragg 

grating in optical fiber, we here proposed some similar strategies for electrical fibers. 

One way to create such periodic pattern on electrical fibers is by laser cutting. We 

noticed that the cladding materials polycarbonate is mainly transparent between 450~1000 

nm, whereas the conductive polymeric films CPE have a strong absorption within this 

range. Thus, a white-light laser can selectively cut off black CPE films without affecting 

transparent cladding material. A periodic pattern can be obtained by switching a pulsed 

laser on and off during thermal drawing process. 

Alternatively, we can break axial uniformity with an electrical method: droplet-

based electroplating. Conventionally, it is rather difficult to create uniform or patterned 

metal films on the inner surfaces of a hollow fiber. To address this challenge, we can create 

hollow fibers with CPE films adjacent to the inner surfaces. Then droplets that contain 

electrolyte pass through the inner channel at a constant speed. By carefully setting up the 

electrical current pulse, we can deposit metal films on the surface of CPE films with 

designed pattern.    
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7.3 FINAL REMARKS 

I do not know if anyone will ever read this section. Nevertheless, if you do, whether 

I know you or not, I would like to express my deepest appreciation for your interest. It is 

also my sincerest hope that you read this dissertation because you would like to continue 

the work I addressed here.  

I started my research in 2014 with the project of fiber pumps. At that point, I had 

no clue about the applications this work would eventually fit in. Through my perennial and 

reckless optimism in science and engineering, I continued to fabricate and optimize those 

pumps aimlessly. In the summer of 2015, I proposed the project of fiber flow sensors, and 

assigned it to one of my mentees, Corey. His diligence and hard-work resulted in very 

promising results for this project. And it was not until then that I started realizing the 

opportunities of electrically active microfluidic fibers. The possibility of forming a closed-

loop flow control system got me excited, and drove me to think more about developing 

novel devices that did not exist before. Then it came droplet-enabled distributed sensors.  

Now that I look back, I cannot say that the work I have done have the same reach 

as I intended originally. Nevertheless, although I was not sure about the scope of this 

dissertation when I started, after many years of continuous work, it inevitably found me. 

At the end, I would like finish this dissertation with a Chinese poem: 

回首向来萧瑟处，也无风雨也无晴。  --- 苏轼  
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