
Alginate Fiber Production using Co-Flow at a Milli-Fluidic T-Junction 

 

 

by 

 

Geetanjali Pendyala, B. Tech 

 

A Thesis 

 

In 

 

Chemical Engineering 

 

Submitted to the Graduate Faculty 

of Texas Tech University in 

Partial Fulfillment of 

the Requirements for 

the Degree of 

 

MASTER OF SCIENCES  

 

Approved 

 

Dr. Gregory Fernandes 

Chair of Committee 

 

Dr. Siva Vanapalli 

Co-Chair of Committee 

 

 

Dr. Jeremy Marston 

Committee Member 

 

 

 

Mark Sheridan 

Dean of the Graduate School 

 

 

May, 2018  



 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright 2018, Geetanjali Pendyala  



Texas Tech University, Geetanjali Pendyala, May 2018 

 

ii 

 

ACKNOWLEDGMENTS 

 

I would like to express sincere gratitude towards my project advisor and thesis 

committee chair, Dr. Gregory Fernandes. His constant support and useful feedback 

during my Masters’ program have motivated me incessantly. His efficient guidance 

has immensely contributed to my development as a researcher. His friendly nature has 

allowed me to discuss and solve the obstacles that arose during my project.  

I would also like to thank Dr. Siva Vanapalli, my co-advisor and thesis 

committee co-chair for his valuable advice and guidance during my project. I am 

thankful to him for accommodating me and allowing me to use the facilities in his lab.  

I would like to thank Dr. Jeremy Marston for serving on my thesis committee.  

I am thankful to Dr. Ya-Wen Chang for her help during my project and for allowing 

me to present my work in her group meetings. I thank Dr. Swastika Bithi for sharing 

her expertise and training me with lab equipment. 

I would like to thank my fellow graduate student Hyuntaek Lim for sharing his 

knowledge and enthusiasm. I am thankful to all the faculty, staff and my peers in the 

Texas Tech University without whom, my masters here would not be successful.  

Finally, I express my greatest appreciation to my family and friends for their 

unconditional love, support and encouragement throughout the journey of my career.  



Texas Tech University, Geetanjali Pendyala, May 2018 

 

iii 

 

TABLE OF CONTENTS 

ACKNOWLEDGMENTS .................................................................................... ii 

ABSTRACT ........................................................................................................... v 

LIST OF TABLES ............................................................................................... vi 

LIST OF FIGURES ............................................................................................ vii 

I. INTRODUCTION ............................................................................................. 1 

1.1 Overview ..................................................................................................... 1 

1.2 Alginate ....................................................................................................... 1 

1.3 Alginate gelation using calcium ions .......................................................... 3 

1.4 Uses of alginate fibers ................................................................................. 4  

A. Tissue engineering ................................................................................. 4 

B. Wound management  .............................................................................. 4 

1.4 Alginate hydrogel fiber preparation methods ............................................. 5  

A. Electrospinning....................................................................................... 5 

B. Wet Spinning .......................................................................................... 6 

C. Microfluidic Spinning ............................................................................ 8 

D. Interfacial complexation ....................................................................... 12 

E. Milli-fluidic jetting method .................................................................. 13 

F. Approach adopted in this thesis work ................................................... 14 

1.6 Shortcomings of current fiber production methods addressed by  

      our approach .............................................................................................. 17 

II. EXPERIMENTAL SECTION ...................................................................... 18 

2.1 Materials .................................................................................................... 18 

A. Reagents ............................................................................................... 18 

B. Equipment ............................................................................................ 18 

2.2 Methods ..................................................................................................... 18 

A. Preparation of reagent solutions ........................................................... 18 

B. Setup for calcium alginate fiber production ......................................... 19 

C. Characterizing fiber quality and dimensions ........................................ 22 

D. Measuring alginate fiber production rate ............................................. 25 

III. RESULTS AND DISCUSSION ................................................................... 26 



Texas Tech University, Geetanjali Pendyala, May 2018 

 

iv 

 

3.1 Operating conditions that produce alginate fibers .................................... 26 

3.2 Operating conditions that produce uniform fibers without weak  

       links .......................................................................................................... 28 

3.3 Effect of crosslinking time on fiber quality .............................................. 36 

3.4 Quantifying alginate fiber production rates .............................................. 41 

3.5 Estimating repeatability in occurrence of weak links in fibers ................. 44 

3.6 Evidence for cylindrical shape of fibers.................................................... 45 

IV. CONCLUSION AND PATH FORWARD ................................................. 47 

4.1 Conclusion ................................................................................................ 47 

4.2 Path forward .............................................................................................. 48 

A. Measurement of tensile strength of fibers produced ............................ 48 

B. Using T-junctions of smaller dimensions for fiber production ............ 48 

C. Production of other hydrogel fibers using our method ......................... 48 

D. Controllable induction of non-uniformities in fibers ........................... 49 

E. Characterization of cell viability .......................................................... 49 

F. Development of satisfactory models to describe our system ................ 49 

BIBLIOGRAPHY ............................................................................................... 50 

APPENDIX 

A.1 Detailed image analysis ............................................................................ 57 

A.2 Calculations from the t-test ...................................................................... 58 

A.3 Raw data from quantification of fiber diameter ....................................... 62 

A.4 Residence times for all experimental total flowrates (Q̇total) and  

       exit channel lengths (L) ............................................................................ 65 

A.5 Raw data for quantification of fiber production rate ................................ 65 

A.6 Raw data of lengths between weak links ................................................. 67 

A.7 Shrinkage in fiber diameter on overnight storage in calcium  

       chloride solution ....................................................................................... 69 

A.8 Upper limit of usable sodium alginate concentration............................... 69 

 

 

 
 



Texas Tech University, Geetanjali Pendyala, May 2018 

 

v 

 

 

ABSTRACT 

 

In this thesis work, we introduce a new technique for the continuous production of 

alginate fibers that utilizes just syringe pumps, plastic tubing and a tee tube fitting. 

Alginate fibres of controlled diameter are produced by adjusting the flowrates of 

sodium alginate and calcium chloride solutions entering a tee tube fitting. As the two 

solutions flow through the tubing connected to tee-tube exit, calcium ions crosslink 

the alginate, thus producing hydrogel fibers that are collected in a calcium chloride 

bath. Unlike current fiber production methods, our approach features easy device 

assembly and operation. Our approach also promises continuous operation without 

device clogging risks common to many current approaches. In this thesis, we report 

the operating conditions required for uniform alginate fiber production. We show that 

the alginate-to-calcium chloride solution-flowrate-ratio (R) is the only parameter that 

determines alginate hydrogel fiber diameter. The observed dependence of fiber 

diameter on R is explained by the relation between the diameter of a cylinder and its 

volume. We also report the effect of crosslinking time on fiber quality and use an 

empirical model of alginate gel strength to explain our observations. We quantify fiber 

production rate and provide a qualitative explanation of the observed dependence of 

fiber production rate on R.  
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CHAPTER I 

INTRODUCTION 

 

1.1 Overview 

Current alginate fiber production methods require specialized equipment and 

skilled labor. The new method described in this thesis work uses just syringe pumps, 

connecting tubes and a tee tube fitting for fiber production. The goal of this work is to 

show that our simple setup can: 

i) Produce alginate fibers repeatedly. 

ii) Produce fibers with uniform diameter in the 300-1000 μm range.  

iii) Achieve fiber production rates comparable to most current fiber production 

methods. 

Additionally, we also wish to predict the conditions that ensure uniform fiber 

production. In this chapter, we briefly discuss alginate gelation, alginate fiber 

production and applications of alginate fibers. We discuss how the production method 

outlined in this work overcomes some of the shortcomings of existing fiber spinning 

approaches. 

 

1.2 Alginate 

Discovered by Stanford in 18811, alginate is a natural polysaccharide extracted 

from brown sea weeds.2 Alginate is nontoxic, biocompatible, water soluble and 
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exhibits excellent gelling capacity. As shown in Figure 1.1, alginate is a linear 

polymeric acid comprised of 1-4-linked β-D-Mannuronic acid (M) and α-L-guluronic 

acid (G). The D-mannuronate block (MM) is linked di-equatorially at C-1 and C-4 

resulting in a shape like a flat ribbon. For L-guluronate block (GG), di-axial groups 

from C-1 and C-4 are linked, buckling the structure.3-5 Only the GG block participates 

in gel formation.  

The chemical reaction between alginate and calcium chloride can be written 

as6: 

       𝑎𝑙𝑔𝑖𝑛𝑎𝑡𝑒 + 𝑁𝑐𝐶𝑎2+ → 𝐶𝑎 − 𝑎𝑙𝑔𝑖𝑛𝑎𝑡𝑒                 (1) 

                                                     𝑁𝑐 =
3𝜎

4
                                     (2) 

Where 𝜎 corresponds to the guluronic acid content in alginate7. 

 

Figure 1.1: Chemical structures of β-D-mannuronic acid and α-L-guluronic acid.8 

Image is adapted with permission from John Wiley and Sons: [Polymer International]. 
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1.3 Alginate gelation using calcium ions 

Figure 1.2 describes the physical gelation of alginate in the presence of 

calcium ions. The buckled guluronic acid chains of alginate act as a two-dimensional 

corrugated eggbox, packing calcium ions in the interstices. Each calcium ion is 

coordinated between ten oxygen atoms of two guluronic chains, five from each chain 

(Figure 1.3). The assembly grows three-dimensionally, creating a gel.9 Other ions such 

as zinc, sodium and silver have also been used to produce alginate hydrogels. 10-14 

 

 

Figure 1.2: Physical gelation of alginate by calcium ions.8 Image is adapted with 

permission from John Wiley and Sons: [Polymer International]. 

 

 



Texas Tech University, Geetanjali Pendyala, May 2018 

 

4 

 

 

Figure 1.3: Coordination of calcium ion by oxygen atoms in an egg-box structure.15 

Image is adapted with permission from American Chemical Society: 

[Biomacromolecules]. 

 

1.4 Uses of alginate fibers 

A. Tissue engineering  

Tissue engineering is a set of methods used to replace or repair damaged tissues 

with natural, synthetic or semisynthetic tissue mimics.16 Alginate fibers can be 

woven17, knitted18, braided or directly-written into scaffolds on which cells are seeded. 

These cells proliferate to form a tissue.19 Alternatively, cell-laden alginate fibers may 

be assembled into larger structures using the methods described above. 20-21  

 

B. Wound management 

Calcium alginate fibers are used to make wound dressings for highly exudating 

wounds. When such calcium alginate-based dressings are placed on wounds, sodium 

ions in body fluids exchange with calcium ions in the alginate fibers, transforming 

them into sodium alginate fibers. These sodium alginate fibers absorb the wound 
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exudates and become a fibrous gel, that provides a moist environment that facilitates 

wound healing. 10, 12 

 

1.5 Alginate hydrogel fiber preparation methods 

A. Electrospinning 

Fiber production via electrospinning (Figure 1.4) involves fiber drawing by the 

application of an electric field to a polymer solution or a melt. A jet of polymer 

solution is generated and stretched by the electric field, forming fibers. Use of volatile 

solvents enables the fibers to dry out before hitting the collector plate.22  

 

 

Figure 1.4: Schematic description of fiber production via electrospinning.23 Image is 

adapted with permission from Elsevier: [Biotechnology Advances]. 
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Electrospinning summary: 

a) Achievable fiber diameters: Fibers with diameters ranging from 3 nm to a few 

micrometers have been produced by electrospinning.24  

b) Usable sodium alginate concentration: Electrospinning requires the use of 2-4 

wt% sodium alginate solutions. Fiber production is not possible if the 

concentration of sodium alginate solution is outside this range.25  

 

Advantages: The experimental setup for electrospinning is simple. Fiber production 

with electrospinning is reproducible, scalable and continuous. Fiber diameter can be 

easily changed by altering the concentration of the alginate solution.26  

Disadvantages: While the experimental setup for electrospinning is simple, operation 

and handling of the device is complex and requires trained personnel. Cell 

encapsulation in the fibers is difficult since the solvents used in electrospinning are 

cytotoxic. Also, high-strength electric fields can damage the cells.  

 

B. Wet spinning 

Wet spinning of fibers (Figure 1.5) involves continuous injection of a 

prepolymer solution into a coagulating bath containing crosslinker.27  

 

 



Texas Tech University, Geetanjali Pendyala, May 2018 

 

7 

 

 

Figure 1.5: Schematic description of fiber production via wet-spinning.23 Image is 

adapted with permission from Elsevier: [Biotechnology Advances]. 

 

Wet spinning summary:  

a) Achievable fiber diameter: Fibers with diameters ranging from 30-600 μm 

have been produced by wet spinning.28  

b) Usable sodium alginate concentration: Wet spinning requires the use of 2-6 

wt% of sodium alginate solutions. Fiber production is not possible if the 

concentration of the sodium alginate solution is outside this range. 8, 29  

 

Advantages: Alginate fibers from wet spinning have higher intrinsic porosity and 

larger pore size, aiding cell adhesion and penetration into tissue scaffolds.23  

Disadvantages: As the concentration of sodium alginate in the prepolymer solution 

increases, spinnability of fibers worsens.29 
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C. Microfluidic spinning 

Fiber production via microfluidic spinning involves a laminar coaxial flow of a 

prepolymer (core flow) and a crosslinking agent (sheath flow) as shown in Figure 

1.6.30-32 The sheath flow acts as a lubricant and prevents the clogging of the channel. 33  

 

 

 

Figure 1.6: Schematic description of coaxial flow.  

 

i) Materials used to make devices 

Microfluidic devices can be made of glass (Figure 1.7a), PDMS (Figure 1.7b) 

or a combination of both (Figure 1.7c). Onoe et al produced cell-laden calcium 

alginate fibers through a device constituting pulled glass capillaries and connectors34 

(Figure 1.7a).  Bonhomme et al generated calcium alginate fibers in a PDMS-based 

microfluidic device35 (Figure 1.7b). Shin et al used a microfluidic device made of both 

PDMS and glass to produce alginate fibers, as shown in Figure 6c.36-37 In all these 

devices, fibers were produced by co-flowing a sodium alginate core stream with a 
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calcium alginate sheath stream. Channel clogging was a problem encountered by all 

aforementioned microfluidic-based alginate fiber production approaches. 

 

 

Figure 1.7: a) Schematic description of fiber production by glass-based microfluidic 

device.34 Image is adapted with permission from Springer Nature: [Nature Materials]; 

b) Schematic diagram of fiber production by PDMS based microfluidic device.35 

Image is adapted with permission from Royal Society of Chemistry: [Soft Matter]; c) 

Schematic diagram of fiber production by a microfluidic device made of both PDMS 

and glass.36 Image is adapted with permission from American Chemical Society: 

[Langmuir]. 
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Figure 1.8: Incorporation of de-clogging mechanism into a microfluidic device for 

calcium alginate fiber production.38 Image is adapted with permission from Springer 

Nature: [Biomedical Microdevices]. 

 

 

ii) Approaches used to address device clogging 

When calcium chloride solution was used as the sheath stream, Bonhomme et 

al observed device-clogging during device start-up. To prevent clogging during start-

up, the initial sheath stream used was water. Once the flow is stabilized, the 

concentration of calcium chloride in the sheath stream was increased to the desired 

level (to achieve gelation of alginate).35 Ghorbanian et al chose to add an additional 

“de-clogging microchannel” (Figure 1.8) through which Ethylenediaminetetraacetic 
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acid (EDTA) could be flowed to remove clogs.38 Both approaches add complexity to 

the fiber making process. 

 

Microfluidic spinning summary: 

a) Achievable fiber diameter: Fibers with diameters ranging from 10 to several 

hundred micrometers have been produced by microfluidic spinning.35-36, 38-39  

b) Fiber production rate: Fiber production by microfluidic spinning is relatively 

slow compared to other methods summarized here. The inlet flowrates of 

microfluidic spinning are in the range of 0.5-5 μl/min.35-36 

c) Usable sodium alginate concentration: To our knowledge, there are no reports 

of usage of sodium alginate solutions outside the range of 1-2 wt% for the 

microfluidic spinning method.35-36, 38-39 

 

Advantages: Microfluidic devices are simple to operate. Microfluidic fiber spinning is 

extremely versatile. Bi-fibers40, two-layer composite fibers41, grooved fibers42 and 

hollow fibers43 can be produced by microfluidic spinning. Microfluidic spinning 

allows cells to be loaded into fibers during the fiber making process without severe 

loss of cell viability.30-32, 36  

Disadvantages: Microfluidic device making process is labor-intensive and requires 

skilled labor.44 Microfluidic devices are prone to clogging. Process modifications 

aimed at addressing device clogging increase process complexity. Fiber production 
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rates are slow and microfluidic approaches require chemistries where gelation is 

rapid.23  

 

D. Interfacial complexation 

      

 

Figure 1.9: Schematic description of fiber production via interfacial complexation.23 

Image is adapted with permission from Elsevier: [Biotechnology Advances]. 

 

Fiber production via interfacial complexation involves fabrication of fibers at the 

interface of two oppositely charged polyelectrolyte solutions.45 Two charged 

polyelectrolyte droplets are placed close to each other and the fiber is drawn from the 

interface of the solutions, as shown in Figure 1.9.  

 

Interfacial complexation summary:  

a) Achievable fiber diameter: Fibers with diameters ranging from 10-20 μm have 

been produced by interfacial complexation.  
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b) Usable sodium alginate concentration: To our knowledge, there have been 

reports of usage of  1-2 wt% sodium alginate solutions in interfacial 

complexation. 4546-48 

 

Advantages: Interfacial complexation is simple to operate.  

Disadvantages: Interfacial complexation is difficult to scale-up. The range of 

accessible diameters is also limited.23  

 

E. Milli-fluidic Jetting Method  

 

 

 

Figure 1.10: Production of fibers by milli-fluidic jetting method.49 Image is adapted 

with permission from John Wiley and Sons: [Biotechnology Journal]. 

 

Fiber production via milli-fluidic jetting method (Figure 1.10) involves 

extrusion of a sodium alginate solution from a needle into an annular flow of aqueous 

calcium chloride solution inside a glass tubule. The extruded sodium alginate solution 

is stretched by calcium chloride solution in a “jetting process”.49  
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Milli-fluidic jetting method summary: 

a) Achievable fiber diameter: Fibers with diameters ranging from 100-800 μm 

have been produced by milli-fluidic jetting method.  

b) Stream flow rates: The flowrate of sodium alginate stream is 33.1 cm/s and 

that of calcium chloride is 33.9 cm/s.  

c) Usable sodium alginate concentration: Milli-fluidic jetting method uses 1 wt% 

sodium alginate.  

 

Advantages: Milli-fluidic jetting method produces uniform alginate fibers with a high 

production rate. Cell encapsulation using this approach has been demonstrated. The 

cell viability after encapsulation in fibers was found to be high (~95%). 49 

 

F. Approach adopted in this thesis work 

Sodium alginate and calcium chloride solutions are passed through two ends of 

a tee tube fitting held vertically as shown in the Figure 1.11. Calcium alginate fibers 

are formed as the solutions pass through the crosslinking zone. The fibers are collected 

from the exit channel into a bath containing calcium chloride.  
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Figure 1.11: Schematic description of our approach to produce alginate fibers. 

 

Tee tube fitting method summary 

a) Achievable fiber diameter: We were able to reproducibly and continuously 

produce fibers in the diameter range of 300-1000 μm. 

b) Usable sodium alginate concentration: 2 wt% sodium alginate solution was 

used in most of our studies. We could not produce uniform fibers when the 

sodium alginate concentration exceeded 5 wt%. 

c) Fiber production rate: The highest fiber production rate achieved was 16.3 
𝑐𝑚

𝑠
.  

 

Advantages: Our alginate fiber production device is easy to construct. No special 

equipment or skilled labor is required for either device construction or operation. To 
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date, no clogging issues have been encountered at any point (start-up, steady state, 

shut-down) during the alginate fiber production cycle with our device.  

Disadvantages: We are unable to produce fibers with diameters less than 300 μm due 

to the fixed inner diameter of the tee tube fitting used. However, other fiber diameters 

might be possible with a dimensionally different tee tube fitting, obtained either 

commercially or by 3D printing.  

 

Table 1.1: Summary of reported alginate fiber production methods. 

S no. 
Production 

method 
Fiber diameter Remarks 

1 Electrospinning 3 nm to a few μm  

Usage of cytotoxic 

solutions and high 

electric fields 

2 Wet spinning 30-600 μm 

Cannot use high 

concentrations of 

sodium alginate 

3 
Microfluidic 

spinning 

10 to several hundred 

μm 

Clogging issues, slow 

fiber production 

4 
Interfacial 

complexation 
10-20 μm Scale up is difficult 

5 
Milli-fluidic 

spinning 
100-800 μm High production rate 
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1.6 Shortcomings of current fiber production methods addressed by our 

approach 

1. Specialized parts are required: Current methods for alginate fiber production 

require special parts for device construction. Our approach uses easily available 

lab equipment like syringe pumps, connecting tubes and tee tube fittings.   

2. Device assembly is complicated: Device assembly for current alginate fiber 

production methods is labor intensive and requires skilled labor. In the chapters 

that follow, we will demonstrate that repeatable production of alginate fibers with 

tightly-controlled diameters is possible using just syringe pumps, tubing and a 

simple tee tube fitting.  

3. Some alginate fiber production methods face clogging issues: Microfluidic 

methods require incorporation of anti-clogging features, resulting in increased 

device complexity. Our method does not require such an arrangement. Our simple 

setup enables continuous alginate fiber production without the risk of downtime 

due to device clogging. 

 

Most alginate fiber studies reported the effect of solution concentrations and 

solution flowrates on fiber diameter. In our work, in addition to quantifying fiber 

diameter and fiber production rate, we attempted to explain the trend followed by the 

alginate fiber diameter and fiber velocity with the flowrate ratio of alginate and 

calcium chloride solutions.  We have also investigated the effect of crosslinking time 

on the quality of fibers produced.  
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CHAPTER II 

EXPERIMENTAL SECTION 

 

2.1 Materials 

A. Reagents 

 All chemicals are used as received. Calcium chloride (anhydrous powder) is 

purchased from Sigma-Aldrich and VWR. Alginic acid (sodium salt) is purchased 

from Sigma-Aldrich.  

 

B. Equipment 

 Tee Tube Fittings (200 Series Barbs, 1/16” (1.6 mm ID), Clear Polycarbonate) 

are purchased from Norson Medical. Flexible plastic tubing is purchased from Cole 

Palmer. Plastic syringes (BD 10 ml, 30 ml and 60 ml, Luer-LokTM tip) are purchased 

from Becton Dickinson. Syringe pumps (PHD 2000 Infuse/Withdraw) are purchased 

from Harvard Apparatus. Three microscopes (CKX41and IX81 from Olympus, and 

Eclipse Ti-U from Nikon) are used to capture images of the alginate fibers. 

 

2.2 Methods  

A. Preparation of reagent solutions 

 Calcium chloride solution is prepared by adding deionized water to a 

calculated amount of calcium chloride powder and shaken to ensure complete 

dissolution. In our studies, 1 wt% and 6 wt% of calcium chloride (aq) solutions are 
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used. 2 wt% aqueous sodium alginate solution is prepared by adding 2 g of sodium 

alginate to 98 g of deionized water. The mixture is stirred at 700 rpm for 2 hrs, at 

which point all the sodium alginate is dissolved.  

 

B. Setup for calcium alginate fiber production 

 Figure 2.1 describes the setup used to produce alginate fibers. Syringes 

containing sodium alginate and calcium chloride solutions are loaded on syringe 

pumps 1 and 2 respectively. Each syringe is connected to an inlet of a tee tube fitting 

via flexible plastic tubing. The plastic tubing connected to the tee tube outlet functions 

as the exit channel. To ensure that the exit channel remains straight, the device (Tee 

tube fitting and exit channel) is taped onto a steel ruler (Figure 2.1b). This assembly is 

then mounted vertically using a clamp (Figure 2.1a).  
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Figure 2.1: a) Experimental setup for alginate hydrogel fiber production used in this 

thesis work; b) Enlarged image of the fiber production device used in our experiments 

(dotted area in (a)). 
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Figure 2.2: Schematic description of the experimental setup to produce alginate fibers. 

 

 Syringe pumps 1 and 2 (Figure 2.1a) are used to control sodium alginate 

(�̇�𝐴𝑙𝑔) and calcium chloride (�̇�𝐶𝑎𝐶𝑙2) flowrates into the tee tube fitting. As the two 

solutions flow through the exit channel (Figure 2.1b; Figure 2.2), the alginate stream is 

crosslinked by calcium ions and is transformed into a fiber. Alginate crosslinking time 

is controlled by using well-defined exit channel lengths (L). After exiting the 

crosslinking channel, alginate fibers coil into the collection bath containing calcium 

chloride solution. The direction of coiling is not observed to follow any pattern and 

can be either clockwise or anticlockwise in nature (Figure 2.3). The alginate fibers are 

The ratio of sodium alginate to calcium chloride flowrates (R = 
�̇�𝐴𝑙𝑔

�̇�𝐶𝑎𝐶𝑙2
) controls the 

alginate hydrogel fiber diameter. Hydrogel fibers formed in the exit channel are 

collected and stored overnight in a calcium chloride solution.  
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Figure 2.3: (a) Alginate fibers coiling in clockwise direction; (b) Alginate fibers 

coiling in anticlockwise direction; after exiting the crosslinking channel. 

 

C. Characterizing fiber quality and dimensions 

Alginate fibers are equilibrated by overnight storage in a calcium chloride 

solution, after which the solution and fibers are placed in a petri dish for imaging via 

microscope.  

The fiber diameter is quantified using the following procedure: 

i) To obtain a fair and comprehensive representation of overall fiber quality and 

diameters, images of five different sections of the fiber are captured as shown 

in the Figure 2.4a.  

 

(a) (b) 
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Figure 2.4a: Schematic depiction of methodology used to achieve a 

comprehensive representation of fiber quality and diameter.  

 

ii) For each image captured in (i), 8-10 diameter measurements are obtained as 

shown in Figure 2.4b (white lines). Image processing described herein is 

accomplished by using ImageJ software.  
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Figure 2.4b: Schematic description for fiber diameter measurement in a 

microscopic image using ImageJ software.  
 

iii) All fiber diameters reported in this thesis are global averages (include diameter 

measurements on all images captured in (i)).  

Details of image analysis are included in the Appendix A.1.  

Two sample t-tests are run on the fiber diameter data of three runs obtained at 

R = 1, �̇�𝑡𝑜𝑡𝑎𝑙 = 1
𝑚𝑙

𝑚𝑖𝑛
 and 𝐶𝐶𝑎𝐶𝑙2

= 1 𝑤𝑡% using the abovementioned method. 

Barring a few outliers, most of the data is not significantly different from each 
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other in the 95% confidence interval. Hence, we proceed to use this method to 

quantify the fiber diameter. The detailed t-test calculation is included in Appendix 

A.2. 

 

D. Measuring alginate fiber production rate 

 

  

 

Figure 2.5: Schematic illustration of methodology used to quantify fiber production 

rate. 

 

As shown in Figure 2.5, the length of alginate fiber collected during a four-

minute time interval is used to estimate the fiber production rate. Production rates 

reported in this thesis are an average of three such measurements.  
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CHAPTER III 

 

RESULTS AND DISCUSSION 

 

 
3.1 Operating conditions that produce alginate fibers 

Figure 3.1 summarizes our observations on the effect of total flowrate (�̇�𝑡𝑜𝑡𝑎𝑙 = 

�̇�𝐴𝑙𝑔+ �̇�𝐶𝑎𝐶𝑙2) as well as flowrate ratio (R = 
�̇�𝐴𝑙𝑔

�̇�𝐶𝑎𝐶𝑙2
) on fiber generation. Uniform 

alginate fibers can be produced for 1
𝑚𝑙

𝑚𝑖𝑛
< �̇�𝑡𝑜𝑡𝑎𝑙 < 10

𝑚𝑙

𝑚𝑖𝑛
 and R = 

1

19
 to 9 (Zone 1, 

Figure 1). For  �̇�𝑡𝑜𝑡𝑎𝑙 > 10
𝑚𝑙

𝑚𝑖𝑛
, alginate fibers are observed to have weak links. For R 

< 
1

9
 (�̇�𝐶𝑎𝐶𝑙2 > �̇�𝐴𝑙𝑔), the calcium chloride stream enters and plugs the alginate inlet, 

preventing fiber production. A similar effect occurs at R > 1, (�̇�𝐴𝑙𝑔 > �̇�𝐶𝑎𝐶𝑙2; alginate 

plugs the calcium chloride inlet). All empty spots in Figure 3.1 represent conditions 

where fibers could not be produced due to inlet plugging, as described above.   

Fibers shown in Figure 3.1 are produced with an un-straightened exit channel. 

As shown in Figure 3.2, a straight exit channel eliminates fiber curling and flow 

instabilities caused by an un-straightened exit channel. All quantitative data henceforth 

presented is generated using a straight exit channel.  
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Figure 3.2: Effect of using a straight exit channel for fiber production. (a) Curled 

fibers generated using an un-straightened exit channel (�̇�𝑡𝑜𝑡𝑎𝑙 = 1
𝑚𝑙

𝑚𝑖𝑛
 and R = 

1

9
 ). (b) 

Uniform alginate fibers generated using a straight exit channel (�̇�𝑡𝑜𝑡𝑎𝑙 = 1
𝑚𝑙

𝑚𝑖𝑛
 and R 

= 
1

9
 ). Scale bar = 1 mm.  

 

3.2 Operating conditions that produce uniform fibers without weak links  

Figure 3.3 shows that alginate fibers without weak links can be produced 

within an operation range of 1
𝑚𝑙

𝑚𝑖𝑛
 ≤ �̇�𝑡𝑜𝑡𝑎𝑙 ≤ 10

𝑚𝑙

𝑚𝑖𝑛
 and 

1

19
 ≤ R ≤ 9 at calcium 

chloride solution concentrations of 1 wt% and 6 wt%. The empty spots in Figure 3.3 

represent unsuccessful attempts at fiber production. Each �̇�𝑡𝑜𝑡𝑎𝑙 and R combination 

shown in Figure 3.3 was run in triplicate. For all �̇�𝑡𝑜𝑡𝑎𝑙 and R combinations that gave 

fibers, image analysis (see Chapter 2 and Appendix A.1) allowed us to quantify fiber 

diameter. The data from image analysis is presented in Figure 3.4. 
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Fiber production from the operating conditions shown in Figure 3.3 satisfies a 

convection dominated or a diffusion limited laminar flow. The working range of 

Reynolds numbers for the conditions in this thesis study are45, 50: 

i) 2 wt% sodium alginate: 0.006 < Re < 1.14 

ii) 1 wt% calcium chloride: 13 < Re < 246 

iii) 6 wt% calcium chloride: 1.2 < Re < 211 

The working range of Peclet numbers for the conditions in this thesis study are51: 

i) 1 wt% calcium chloride solution: 12793 < Pe < 255857 

ii) 6 wt% calcium chloride solution: 9428< Pe < 188553 
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Figure 3.4a: DAvg as a function of R, at �̇�𝑡𝑜𝑡𝑎𝑙 = 1
𝑚𝑙

𝑚𝑖𝑛
 with 𝐶𝐶𝑎𝐶𝑙2

=1 wt%. 

 

 

Figure 3.4b: DAvg as a function of R, at �̇�𝑡𝑜𝑡𝑎𝑙 = 10
𝑚𝑙

𝑚𝑖𝑛
 with 𝐶𝐶𝑎𝐶𝑙2

=1 wt%. 
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Figure 3.4c: DAvg as a function of R, at �̇�𝑡𝑜𝑡𝑎𝑙 = 1
𝑚𝑙

𝑚𝑖𝑛
 with 𝐶𝐶𝑎𝐶𝑙2

= 6 wt%. 

 

 

Figure 3.4d: DAvg as a function of R, at �̇�𝑡𝑜𝑡𝑎𝑙 = 10
𝑚𝑙

𝑚𝑖𝑛
 with 𝐶𝐶𝑎𝐶𝑙2

= 6 wt%. 
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Davg is the average fiber diameter at a particular �̇�𝑡𝑜𝑡𝑎𝑙 and R. Diameter of the 

exit channel for all the conditions shown in Figure 3.4a-d is 1470 μm.  

Figure 3.4a-d shows that: 

i) Alginate fiber diameter depends only on flowrate ratio, R = 
�̇�𝐴𝑙𝑔

�̇�𝐶𝑎𝐶𝑙2
.  

ii) Our simple device can produce uniform fibers with controlled diameter 

repeatably and reliably. 

The measurements of fiber diameter (μm) in all the runs of all the cases are 

listed in Appendix A.3. 

 

 

Figure 3.5: Alginate fiber diameter (DAvg) as a function of R by overlaying data from 

Figure 4a-d. 
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 Figure 3.5 is obtained by overlaying average fiber diameter data from Figure 

3.4a-d. Figure 3.5 clearly demonstrates that fiber diameter depends only on R. Fiber 

diameter is independent of total outlet flowrate (�̇�𝑡𝑜𝑡𝑎𝑙) and calcium chloride 

concentration (𝐶𝐶𝑎𝑐𝑙2
).  

 

 

 

Figure 3.6: Explanation of dependence of 𝐷𝐴𝑣𝑔 on R. 

 

 

 Experimental data points (filled squares ■) for Figure 3.6 are obtained by 

averaging the fiber diameter data at each R in Figure 3.5. We wish to explain the 

observed dependence of 𝐷𝐴𝑣𝑔 on R as seen in Figure 3.6. For this, we assume: 

i) Complete crosslinking of all alginate flowing through the exit channel. 
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ii) Crosslinked alginate fibers are cylindrical. The evidence supporting this 

assumption is shown in Section 3.5. 

iii) Fiber production rate is independent of R. 

As we will show in Section 3.4, assumption (iii) is not valid. In making the 

following geometric argument, we have also neglected the viscosity difference 

between sodium alginate and calcium chloride solutions, the velocity profile of the 

flowing fluids in the exit channel and the chemical reaction occurring between 

alginate and calcium chloride.  

 

(i) and (ii) allow us to write: 

                                                     �̇�𝐴𝑙𝑔,1 =
𝜋

4
𝑑1

2�̇�1                                                      (3) 

 

Where �̇�𝐴𝑙𝑔,1 = Flowrate of alginate at condition 1 

                  𝑑1 = Diameter of alginate fiber produced at condition 1  

                  �̇�1 = Fiber production rate. 

 

For a different alginate flowrate (condition 2), assuming (iii) is valid, we can write: 

                                                      �̇�𝐴𝑙𝑔,2 =
𝜋

4
𝑑2

2�̇�1                                                     (4) 

 

Let us define                                        𝑥 =
�̇�𝐴𝑙𝑔,2

�̇�𝐴𝑙𝑔,1
                                               (5) 

From (3) and (4) we get                       𝑥 =
𝜋

4
𝑑2

2�̇�1
𝜋

4
𝑑1

2�̇�1
                                             (6) 
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Therefore,                                    𝑑2 = √𝑥𝑑1 or 𝑑2 = √
�̇�𝐴𝑙𝑔,2

�̇�𝐴𝑙𝑔,1
𝑑1                                (7) 

If 𝑑1 = alginate fiber diameter at R = 1 and if 𝑑1 =
𝑑𝑒𝑥𝑖𝑡 𝑐ℎ𝑎𝑛𝑛𝑒𝑙

2
 at R = 1, then: 

                                                      𝑑2 = √
�̇�𝐴𝑙𝑔,2

�̇�𝐴𝑙𝑔,1
 
𝑑𝑒𝑥𝑖𝑡 𝑐ℎ𝑎𝑛𝑛𝑒𝑙

2
                                         (8) 

Where                                    𝑑2 = 𝐷𝐴𝑣𝑔(𝑅)𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒                                                    (9) 

This equation is represented by the dashed line in Figure 3.6. This simple (and 

inaccurate) model explains the experimentally observed dependence of fiber diameter 

(𝐷𝐴𝑣𝑔) on flowrate ratio (R).  

 

3.3 Effect of crosslinking time on fiber quality 

 In this part of the thesis, we focus on Zone 2 in Figure 1. Zone 2 is 

characterized by fibers that have weak links (Figure 3.7) and are consequently easily 

breakable.  

Weak links could occur if: 

i) There is not enough calcium to crosslink the alginate.  

ii) Calcium does not have enough time to crosslink the alginate.  

Amount of calcium ions required to crosslink the alginate is determined by the 

guluronic acid content in alginate7. If the guluronic acid content is known, 

stoichiometry of alginate crosslinking reaction is given by the equation below6: 

                           𝑎𝑙𝑔𝑖𝑛𝑎𝑡𝑒 + 𝑁𝑐𝐶𝑎2+ → 𝐶𝑎 − 𝑎𝑙𝑔𝑖𝑛𝑎𝑡𝑒                                (1) 
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                                                       𝑁𝑐 =
3𝜎

4
                                                    (2) 

Where 𝜎 corresponds to the guluronic acid content in the alginate7. 

 

 

Figure 3.7: Alginate fiber with weak links produced at �̇�𝑡𝑜𝑡𝑎𝑙 = 53
𝑚𝑙

𝑚𝑖𝑛
 and R = 1 with 

1 wt% calcium chloride. 

 

 

 Alginate used in our studies has a ratio of mannuronic acid content to 

guluronic acid content of 1.56. Using the above equation, we found that sufficient 

calcium ions were present to completely crosslink all available alginate for all 

conditions under which fibers could be produced in Figure 3.1, Zone 2.  We therefore 

hypothesize that weak links (Zone 2, Figure 3.1) are caused by insufficient time 

available for crosslinking. To test this hypothesis, we choose the conditions where 

there is enough calcium to crosslink the alginate (R = 1).  
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We explored the effect of residence time (crosslinking time) on the occurrence of 

weak links by: 

i) Reducing the length of exit channel at a fixed �̇�𝑡𝑜𝑡𝑎𝑙. 

ii) Increasing �̇�𝑡𝑜𝑡𝑎𝑙 at a fixed exit channel length.  

Results of these studies are shown in Figure 3.8.  
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Figure 3.8: Effect of crosslinking time on the occurrence of weak links for (a) 

𝐶𝐶𝑎𝐶𝑙2
= 1 wt% and (b) 𝐶𝐶𝑎𝐶𝑙2

= 6 wt%.  

 

 

Filled black squares (■) in Figure 3.8 represent the conditions at which 

uniform fibers without weak links are produced. Red crosses (×) in Figure 3.8 

represent the conditions under which fibers with weak links are produced.  

Figure 3.8a demonstrates that the onset of weak links is dependent on 

crosslinking time. For example, shortening the exit channel at a given �̇�𝑡𝑜𝑡𝑎𝑙 will 

eventually produce fibers with weak links. Similarly, increasing �̇�𝑡𝑜𝑡𝑎𝑙 for a fixed exit 

channel length will also induce formation of weak links.  

Due to a greater diffusive flux of calcium ions when the calcium chloride 

concentration is increased to 6 wt%, the occurrence of weak links in alginate fibers 

produced with a 𝐶𝐶𝑎𝐶𝑙2
= 6 wt% is pushed to shorter crosslinking times. As shown in 
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Figure 3.8b, the weak links for alginate fibers produced with 6 wt% calcium chloride 

occur at a lower crosslinking time (or a higher �̇�𝑡𝑜𝑡𝑎𝑙 ) than for fibers produced with 1 

wt% calcium chloride.  

 Insufficient crosslinking time should result in weaker gels (fibers) and by 

extension, weak links. We attempt to explain the experimental data in Figure 3.8 by 

using the empirical equation that relates gel strength of alginate crosslinked by 

calcium ions to the crosslinking time52-54.  

                                                     
 𝐺′

𝐺′
∞

= (1 − 𝑒−𝑘𝑡)𝑛                               (10) 

 

In the equation shown above, t is the amount of time alginate is exposed to 

calcium ions, G′ is the storage modulus of alginate gel at t,  𝐺′
∞ is the storage 

modulus of the same gel at t ~ ∞, k is the gelation rate constant and n is the 

heterogeneous structural resistance constant which is indirectly proportional to the 

resistance of calcium diffusion. The k and n values for 1 wt% calcium chloride are 

reported to be k = 0.015 s-1 and n = 0.650.  

For our system, t = 𝑡𝑟𝑒𝑠, which is the residence time of alginate in the exit 

channel. 𝑡𝑟𝑒𝑠 is calculated by: 

                                         𝑡𝑟𝑒𝑠 =
𝜋

4
𝑑2𝐿

�̇�𝑡𝑜𝑡𝑎𝑙
                                                 (11) 

Where d and L are the diameter and length of the exit channel, and �̇�𝑡𝑜𝑡𝑎𝑙 = 

�̇�𝐴𝑙𝑔+ �̇�𝐶𝑎𝐶𝑙2. 
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The calculated residence times for every exit channel length and total flowrate 

used is given in Appendix A.4.  

For 𝐶𝐶𝑎𝐶𝑙2
= 1 wt% and L = 20 cm (Damköhler number: 3.35 < Da < 6.3651, 55-

56), the experimentally observed onset of weak links occurs at 
 𝐺′

𝐺′
∞

= 0.13. We then 

used 
 𝐺′

𝐺′
∞

= 0.13 as our predictive onset parameter for all other conditions explored in 

Figure 3.8a-b. The dashed black line in Figure 3.8a-b represents the transition of 

uniform fibers to fibers with weak links and is calculated using the parameter 
 𝐺′

𝐺′
∞

=

0.13.  

From Figure 3.8a, we observe that 
 𝐺′

𝐺′
∞

= 0.13 successfully predicts the onset 

of weak links for 𝐶𝐶𝑎𝐶𝑙2
= 1 wt%. However, 

 𝐺′

𝐺′
∞

= 0.13 under-predicts the occurrence 

of weak links for 𝐶𝐶𝑎𝐶𝑙2
= 6 wt% (Damköhler number: 0.35 < Da < 0.1851, 55-56) due to 

lack of reported k and n values at 6 wt% calcium chloride.  

 

3.4 Quantifying alginate fiber production rates 

 Fiber production rate is measured (as described in Chapter 2) at �̇�𝑡𝑜𝑡𝑎𝑙 = 1
𝑚𝑙

𝑚𝑖𝑛
 

and R = 
1

9
, 1, 3 and 9 for 𝐶𝐶𝑎𝐶𝑙2

= 1 wt% and 6 wt% (Figure 3.9). The raw data for 

fiber production rate with flowrate ratio is given in Appendix A.4. 
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Figure 3.9: Experimentally observed fiber production rates at �̇�𝑡𝑜𝑡𝑎𝑙 = 1
𝑚𝑙

𝑚𝑖𝑛
 and R = 

1

9
, 1, 3 and 9 for 𝐶𝐶𝑎𝐶𝑙2

= 1 wt% and 6 wt%. 

 

 

 The fiber production rate or fiber velocity is non-dimensionalized by dividing 

𝑣𝑓𝑖𝑏𝑒𝑟 with 𝑣𝑎𝑣𝑔 (Figure 3.10), where 𝑣𝑎𝑣𝑔 is defined as:  

                            𝑣𝑎𝑣𝑔 =
�̇�𝑡𝑜𝑡𝑎𝑙

𝐶𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑥𝑖𝑡 𝑐ℎ𝑎𝑛𝑛𝑒𝑙
                   (12) 
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Figure 3.10: Non-dimensionalized fiber velocity vs flowrate ratio at �̇�𝑡𝑜𝑡𝑎𝑙 =

1
𝑚𝑙

𝑚𝑖𝑛
 and R = 

1

9
, 1, 3 and 9 for 𝐶𝐶𝑎𝐶𝑙2

= 1 wt% and 6 wt%. 

 

At R = 1, the diffusion interface between alginate and calcium chloride is 

expected to coincide with the vertical axis of the exit channel. Fiber production rate at 

R = 
1

9
 is lower than at R = 1 because the diffusion interface is closer to the channel 

walls and therefore crosslinks the alginate stream with a lower average velocity. A 

similar effect explains the lower fiber production rates at R = 3 and 9 versus R = 1.  

 Based on the results from the previous experiment, 6 wt% calcium chloride at 

R = 1 is chosen to find the highest production rate by our method.  Experiment 

conducted at a total flowrate of 10
𝑚𝑙

𝑚𝑖𝑛
 resulted in a production rate of 16.3 ± 0.4 

𝑐𝑚

𝑠
. 

(Raw data in Appendix A.4) 
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3.5 Estimating repeatability in occurrence of weak links in fibers 

 The repeatability in the length of fiber between two weak links in an alginate 

fiber is attempted to be quantified. Alginate fibers are generated using a 5 cm long exit 

channel at a total flowrate (�̇�𝑡𝑜𝑡𝑎𝑙 ) 𝑜𝑓 10
𝑚𝑙

𝑚𝑖𝑛
. We know from Section 3.3 that fibers at 

these conditions are produced with weak links. Fiber is collected continuously for four 

minutes. In each of the five runs performed, a length of fiber is picked from the bulk 

and placed against a ruler and lengths only in the middle section of the picked fiber are 

examined to eliminate stretching effects. Average length between weak links in each 

run is plotted in Figure 3.11.  

 

 

Figure 3.11: Average length between weak links for five runs. 
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 As shown in Figure 3.11, the distribution of lengths between weak links is not 

uniform and is observed to cover a wide range of lengths between 0.2 cm to 5 cm. 

Raw data is shown in Appendix A.6. 

 

3.6 Evidence for cylindrical shape of fibers 

 

 

Figure 3.12: Alginate fibers produced by adding fluorescent particles as tracers (green 

dots) in calcium chloride solution.  

 

 

Fluorescent particles of carboxylate (1 μm size) are added in the calcium chloride 

solution as tracers and fibers produced with this solution are imaged under the 
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microscope. In Figure 3.12, green dots represent the fluorescent tracers. Maximum 

density of tracers is observed on the out-layer of the fiber suggesting the enveloping of 

calcium chloride flow around the alginate stream while crosslinking. Due the 

enveloping flow of calcium chloride around alginate, cylindrical fibers are produced.  
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CHAPTER IV 

 

CONCLUSION AND PATH FORWARD 

 

 

 

4.1 Conclusion 

In this thesis work, we have demonstrated that alginate fibers can be produced 

continuously via a simple method using just syringe pumps, connecting tubes and a tee 

tube fitting. Sodium alginate flowing through the exit channel from a tee tube fitting is 

crosslinked by calcium ions and the solidified alginate fibers are obtained without any 

clogging issues. Uniform alginate fibers are produced for a total flowrate (�̇�𝑡𝑜𝑡𝑎𝑙) of 1 

to 10 
𝑚𝑙

𝑚𝑖𝑛
 in the flowrate ratio (R = 

�̇�𝐴𝑙𝑔

�̇�𝐶𝑎𝐶𝑙2
) range of 

1

9
 to 9. Fibers of diameters in the 

range of 300-1000 μm are generated by controlling R for 1
𝑚𝑙

𝑚𝑖𝑛
< �̇�𝑡𝑜𝑡𝑎𝑙 < 10

𝑚𝑙

𝑚𝑖𝑛
 and 

𝐶𝐶𝑎𝐶𝑙2
= 1 𝑤𝑡% 𝑎𝑛𝑑 6 𝑤𝑡%. The trend of fiber diameters with flowrate ratio is 

explained using a geometric model. An empirical model based on fiber gel strength is 

developed to explain the onset of weak links in alginate fibers. The model supports the 

hypothesis that weak links in fibers occur due to poor alginate gel strengths at 

insufficient available crosslinking time. The trend of measured fiber production rates 

with flowrate ratios is explained using a parabolic velocity flow profile of a fluid in a 

pipe. Highest fiber production rate of 16.3 ± 0.4 
𝑐𝑚

𝑠
  is obtained by our method at 

�̇�𝑡𝑜𝑡𝑎𝑙 = 10
𝑚𝑙

𝑚𝑖𝑛
 and R = 1.  
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4.2 Path forward 

A. Measurement of tensile strength of fibers produced 

 We have only measured the dimensions and production rate of the fibers 

produced by our approach. Characterizing the mechanical properties of these fibers 

according to their use in making scaffolds and wound dressings can be a viable next 

step. 

 

B. Using T-junctions of smaller dimensions for fiber production 

 Diameters of fibers produced by our method are restricted by the dimensions 

of the tee tube fitting used (1.6 mm ID). 3D-printing is a promising technique to 

manufacture T-junctions of different sizes, as required. T-junctions as small as 200 μm 

in width57 have been reported to be 3D-printed. Usage of such T-junctions can widen 

the range of fiber diameters produced.  

 

C. Production of other hydrogel fibers using our method 

Hydrogel fibers from other materials like chitin58-59, chitosan60-62, poly(vinyl 

alcohol)63, etc., have been previously produced by wet spinning, electrospinning and 

microfluidic spinning. Our simple fiber spinning method can be incorporated to 

produce such a variety of fibers. 
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D. Controllable induction of non-uniformities in fibers  

 From our experiments, we concluded that the length between weak links in 

fibers produced is not uniform. Controlling these non-uniformities can be attempted 

and used for desired applications.  

 

E. Characterization of cell viability 

 Cell viability of our method needs to be characterized. For example, to use our 

fibers in tissue engineering applications, we need to ensure that the shears experienced 

by the fibers in crosslinking channel do not damage the cells when encapsulated in 

them.  

 

F. Development of satisfactory models to describe our system 

The geometric argument used to explain the fiber diameter trend neglects important 

points like, the viscosity difference between sodium alginate and calcium chloride 

solutions, the velocity profile of the flowing fluids in the exit channel, and the 

chemical reaction occurring between alginate and calcium chloride. The onset of weak 

links is predicted by a gel strength model derived empirically. Therefore, there is a 

need for more satisfactory models that have a general applicability.  
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APPENDIX 

 

A.1 Detailed image analysis 

 The fiber diameters of the images of fibers captured by the microscope are 

measured using ImageJ software in the following procedure: 

i) Setting a global scale: An image of a 20-gauge needle (0.9081 mm) is 

clicked at the identical microscope conditions as the fiber images as shown 

in Figure A.1. The “measuring tool” in ImageJ is used to measure the 

diameter of the needle. Next, “set scale” option under “Analyse” tab is 

used to enter the known dimension. “Global” checkbox is clicked to apply 

the scale for all images to be analysed. 

 

 

Figure A.1: Image of a 20-gauge needle used to set the scale in ImageJ. 

 

ii) After setting the scale, every image of the fiber samples is opened and the 

measuring tool is used to measure the fiber diameter at 8-10 regions. 
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iii) The data is copied into an excel file for further analysis as described in 

Chapter 2. 

A.2 Calculations from the t-test 

 A two-sample t-test is performed on the measured fiber diameters produced at 

R = 1, �̇�𝑡𝑜𝑡𝑎𝑙 = 1
𝑚𝑙

𝑚𝑖𝑛
 and 𝐶𝐶𝑎𝐶𝑙2

= 1 𝑤𝑡%.  

RUN 1- First half-run 

Mean diameter in 

Image 1 (μm) 

Mean diameter in 

Image 2 (μm) 
t- score p-value 

657.13 ± 15.9 690.75 ± 12.4 -4.72 0.0003 

657.13 ± 15.9 663.5 ± 14.4 -0.84 0.4137 

657.13 ± 15.9 692.88 ± 13.4 -4.86 0.0003 

657.13 ± 15.9 675.75 ± 9.7 -2.83 0.0133 

690.75 ± 12.4 663.5 ± 14.4 4.06  0.0012 

690.75 ± 12.4 692.88 ± 13.4 -0.33 0.7476 

690.75 ± 12.4 675.75 ± 9.7 2.69 0.0176 

663.5 ± 14.4 692.88 ± 13.4 -4.22 0.0009 

663.5 ± 14.4 675.75 ± 9.7 -2.00 0.0658 

692.88 ± 13.4 675.75 ± 9.7 2.92 0.0112 
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RUN 1- Second half-run 

Mean diameter in 

Image 1 (μm) 

Mean diameter in 

Image 2 (μm) 
t- score p-value 

696.50 ± 13.8 710.13 ± 10.8 -2.20 0.0450 

696.50 ± 13.8 698.75 ± 10.1 -0.37 0.72 

696.50 ± 13.8 694.75 ± 12.7 0.26 0.7960 

696.50 ± 13.8 708.75 ± 16.2 -1.63 0.1262 

710.13 ± 10.8 698.75 ± 10.1 2.18 0.0464 

710.13 ± 10.8 694.75 ± 12.7 2.61 0.0206 

710.13 ± 10.8 708.75 ± 16.2 0.20 0.8445 

698.75 ± 10.1 694.75 ± 12.7 0.70 0.4968 

698.75 ± 10.1 708.75 ± 16.2 -1.48 0.1604 

692.88 ± 13.4 708.75 ± 16.2 -1.92 0.0754 

 

RUN 2- First half-run 

Mean diameter in 

Image 1 (μm) 

Mean diameter in 

Image 2 (μm) 

t- score p-value 

701.38 ± 13.1 705.63 ± 14.6 -0.61 0.0451 

701.38 ± 13.1 882.63 ± 24.7 -18.33 3.48E-11 

701.38 ± 13.1 719.00 ± 7.0 -3.35 0.0048 

701.38 ± 13.1 692.50 ± 9.0 1.58 0.1373 

705.63 ± 14.6 882.63 ± 24.7 -17.45 6.79E-11 

705.63 ± 14.6 719.00 ± 7.0 -2.33 0.0351 

705.63 ± 14.6 692.50 ± 9.0 2.16 0.0485 
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882.63 ± 24.7 719.00 ± 7.0 18.03 4.35E-11 

882.63 ± 24.7 692.50 ± 9.0 20.46 7.88E-12 

719.00 ± 7.0 692.50 ± 9.0 6.57 1.26E-05 

 

RUN 2- Second half-run 

Mean diameter in 

Image 1 (μm) 

Mean diameter in 

Image 2 (μm) 

t- score p-value 

708.00 ± 10.0 658.75 ± 8.9 10.41 5.67E-08 

708.00 ± 10.0 666.75 ± 12.8 7.18 4.73E-06 

708.00 ± 10.0 654.38 ± 10.6 10.38 5.86E-08 

708.00 ± 10.0 659.25 ± 15.5 7.46 3.05E-06 

658.75 ± 8.9 666.75 ± 12.8 -1.45 0.17 

658.75 ± 8.9 654.38 ± 10.6 0.89 0.3875 

658.75 ± 8.9 659.25 ± 15.5 -0.08 0.9381 

666.75 ± 12.8 654.38 ± 10.6 2.10 0.0542 

666.75 ± 12.8 659.25 ± 15.5 1.05 0.3100 

654.38 ± 10.6 659.25 ± 15.5 -0.73 0.4762 

 

RUN 3- First half-run 

Mean diameter in 

Image 1 (μm) 

Mean diameter in 

Image 2 (μm) 

t- score p-value 

704.50 ± 16.9 718.88 ± 5.6 -2.28 0.0384 

704.50 ± 16.9 888.00 ± 21.0 -19.25 1.80E-11 

704.50 ± 16.9 716.00 ± 9.4 -1.68 0.1150 
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704.50 ± 16.9 688.75 ± 10.6 2.23 0.0424 

718.88 ± 5.6 888.00 ± 21.0 -22.02 2.90E-12 

718.88 ± 5.6 716.00 ± 9.4 0.74 0.4700 

718.88 ± 5.6 688.75 ± 10.6 7.11 5.23E-06 

888.00 ± 21.0 716.00 ± 9.4 21.14 5.07E-12 

888.00 ± 21.0 688.75 ± 10.6 23.96 9.19E-13 

716.00 ± 9.4 688.75 ± 10.6 5.43 8.84E-05 

 

RUN 3- Second half-run 

Mean diameter in 

Image 1 (μm) 

Mean diameter in 

Image 2 (μm) 

t- score p-value 

704.38 ± 9.5 655.88 ± 6.6 11.91 1.03E-08 

704.38 ± 9.5 661.63 ± 9.9 8.81 4.36E-07 

704.38 ± 9.5 655.88 ± 23.4 5.44 8.65E-05 

704.38 ± 9.5 651.50 ± 18.1 7.33 3.75E-06 

655.88 ± 6.6 661.63 ± 9.9 -1.36 0.1940 

655.88 ± 6.6 655.88 ± 23.4 0 1 

655.88 ± 6.6 651.50 ± 18.1 0.64 0.5306 

661.63 ± 9.9 655.88 ± 23.4 0.64 0.5320 

661.63 ± 9.9 651.50 ± 18.1 1.39 0.1870 

655.88 ± 23.4 651.50 ± 18.1 0.42 0.6817 
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A.3 Raw data from quantification of fiber diameter 

 The fiber diameter is in microns. 

 

RUN 1 

 

𝐶𝐶𝑎𝐶𝑙2
 1 wt% 6 wt% 

R �̇�𝑡𝑜𝑡𝑎𝑙 1 ml/min 10 ml/min 1 ml/min 10 ml/min 

1

19
 

 
289.44 ± 16.4  

337.95 ± 19.7 

 

1

9
 362.34 ± 28.4 

359.15 ± 20.3 

 

366.56 ± 66.2 

 

389.73 ± 15.0 

 

1

3
 

501.74 ± 37.8 

 

481.96 ± 17.3 

 

490.74 ± 23.6 

 

506.32 ± 16.6 

 

  1 
688.89 ± 21.1 

 

687.54 ± 48.9 

 

659.68 ± 18.9 

 

673.96 ± 15.9 

 

 3 
836.93 ± 17.0 

 
846.96 ± 20.2 831.24 ± 20.0 

831.70 ± 16.1 

 

 9 
942.25 ± 50.2 

 
965.77 ± 68.9 

942.01 ± 25.7 

 

983.44 ± 16.6 

 

19 
 

  
1037.73 ± 20.1 
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RUN 2 

𝐶𝐶𝑎𝐶𝑙2
 1 wt% 6 wt% 

R �̇�𝑡𝑜𝑡𝑎𝑙 1 ml/min 10 ml/min 1 ml/min 10 ml/min 

1

19
 

 318.00 ± 46.8 

 

 313.66 ± 26.0 

 

1

9
 

382.14 ± 53.1 

 

371.51 ± 17.9 

 

368.04 ± 71.4 

 

396.86 ± 13.6 

 

1

3
 

521.43 ± 39.4 

 

511.19 ± 14.8 

 

518.04 ± 24.0 

 

527.52 ± 18.5 

 

  1 704.83 ± 65.0 

 

666.62 ± 26.73 

 

677.40 ± 30.8 

 

688.62 ± 14.9 

 

 3 836.96 ± 16.8 

 

880.44 ± 39.29 

 

834.64 ± 28.9 

 

848.96 ± 12.1 

 

 9 985.78 ± 27.3 

 

1018.39 ± 13.82 

 

955.96 ± 17.1 

 

996.66 ± 14.2 

19    1029.68 ± 26.7 
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RUN 3 

𝐶𝐶𝑎𝐶𝑙2
 1 wt% 6 wt% 

R �̇�𝑡𝑜𝑡𝑎𝑙 1 ml/min 10 ml/min 1 ml/min 10 ml/min 

1

19
 

 325.28 ± 44.1 

 

 327.35 ± 18.0 

 

1

9
 

398.31 ± 47.4 

 

374.87 ± 11.4 

 

351.30 ± 31.7 

 

391.15 ± 18.1 

 

1

3
 

519.53 ± 39.6 

 

498.65 ± 20.3 

 

441.95 ± 68.6 

 

532.58 ± 19.1 

 

  1 704.54 ± 67.8 

 

664.23 ± 28.2 

 

694.96 ± 32.7 

 

674.48 ± 14.9 

 

 3 836.61 ± 15.01 

 

866.16 ± 15.4 

 

836.33 ± 17.1 

 

831.78 ± 22.0 

 9 983.10 ± 27.21 

 

976.63 ± 51.0 

 

949.26 ± 25.9 993.04 ± 19.8 

19    1062.32 ± 16.3 
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A.4 Residence times for all experimental total flowrates (�̇�𝒕𝒐𝒕𝒂𝒍) and exit 

channel lengths (L) 

 
 Residence time is calculated in seconds. 

�̇�𝑡𝑜𝑡𝑎𝑙 L 5 cm 10 cm 15 cm 20 cm 

1 ml/min 5.1 10.2 15.3 20.4 

5 ml/min 1 2 3.1 4.1 

10 ml/min 0.5 1 1.5 2 

15 ml/min 0.3 0.7 1 1.4 

20 ml/min 0.25 0.5 0.8 1 

 

 

A.5 Raw data for quantification of fiber production rate 

 The production rate is for a total flowrate of 1 ml/min and is given in cm/s. 

Four runs were performed at each flowrate ratio.  

𝐶𝐶𝑎𝐶𝑙2
 1 wt%  6 wt%  

Flowrate 

Ratio (R) 

Production rate 

values obtained 

for each run 

Mean 

production rate 

Production rate 

values obtained 

for each run 

Mean 

production rate 

 

1

9
 

0.85  

0.86 ± 0.01 

0.59  

0.60 ± 0.023 0.87 0.61 

0.87 0.56 

0.86 0.625 

 1.3  1.625  
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1 1.37 1.33 ± 0.03 1.59 1.64 ± 0.04 

1.35 1.65 

1.31 1.69 

 

3 

1  

1.09 ± 0.08 

 

 

1.56  

1.55 ± 0.02 1.06 1.53 

1.19 1.54 

1.1 1.57 

 

9 

0.875  

0.89 ± 0.04 

 

 

1.29  

1.27 ± 0.06 0.94 1.19 

0.88 1.34 

0.86 1.26 

 

Production rate fora 6 wt% calcium chloride at the flowrate ratio of 1 and a total 

flowrate of 10 ml/min.  

 

Production rate value obtained for each 

run 

Mean production rate 

16.88  

16.34 ± 0.45 16.5 

15.86 

16.12 
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A.6 Raw data of lengths between weak links  

RUN 1 

Measurement 

number 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Length between 

weak links (cm) 

1.7 1.7 2.0 1.0 1.3 1.3 0.5 1.5 1.3 1.6 1 1.5 2 

 

Measurement 

number 
14 15 16 17 

Length between 

weak links (cm) 
1 2.5 2.5 2 

 

RUN 2 

Measurement 

number 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Length between 

weak links (cm) 

4.5 1.5 1 0.7 1.2 1.5 1 1.5 0.9 1.1 1.5 1.7 1.3 

 

Measurement 

number 
14 15 

Length between 

weak links (cm) 
1.5 1 

 

RUN 3 

Measurement 

number 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Length between 

weak links (cm) 

2.7 1.5 3.0 1.6 1.0 1.5 0.7 1.4 1.7 2.0 1.0 3.2 1.0 
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Measurement 

number 
14 15 16 17 18 19 20 21 22 23 24 25 

Length between 

weak links (cm) 
0.5 0.7 0.2 0.3 2.0 0.4 1.2 1.0 0.5 1.5 1.3 2.0 

 

RUN 4 

Measurement 

number 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Length between 

weak links (cm) 

0.7 1.5 1.2 2.1 0.5 0.6 1.0 1.0 1.3 0.9 1.1 1.2 0.7 

 

Measurement 

number 
14 15 16 17 18 19 20 21 22 23 24 25 

Length between 

weak links (cm) 
1.5 0.7 0.5 1.2 0.5 0.8 1.0 0.5 1.5 1.5 3.0 1.0 

 

Measurement 

number 
26 27 28 29 30 31 

Length between 

weak links (cm) 
1.0 0.5 0.5 1.5 1.7 0.5 

 

RUN 5 

 

Measurement 

number 

1 2 3 4 5 6 7 8 9 10 11 12 13 

Length between 

weak links (cm) 

1.3 2.7 3.0 1.2 0.5 0.7 1.4 0.3 1.0 0.6 0.9 1.0 0.6 

 

Measurement 

number 
14 15 16 17 18 19 20 21 22 23 24 25 26 

Length between 

weak links (cm) 
0.7 1.0 0.5 0.3 0.2 1.0 2.8 0.7 0.3 5.0 1.5 2.0 3.5 
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A.7 Shrinkage in fiber diameter on overnight storage in calcium chloride 

solution 

 

 

Figure A.2: Alginate fibers produced at R = 1 a) before overnight storage, b) after 

overnight storage in calcium chloride. 

   

After the fibers are collected, they were stored overnight in a solution of 

calcium chloride. The diameter before and after storage is measured for a sample fiber 

collected at a flowrate ratio of 1. Fiber is found to shrink and the diameter is decreased 

by 100 microns (Figure A.2).  

 Gel shrinking is expected to occur due to osmosis of water molecules from 

inside the fibers (higer concentration) into the solution (lower concentration).  

 

A.8 Upper limit of usable sodium alginate concentration  

 Experiments are conducted to check the highest sodium alginate concentration 

with which fibers can be produced by our method. Clogging occurs in our device at 

(a) (b) 
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sodium alginate concentrations greater than 5 wt%. However, uniform alginate fibers 

can be produced at concentrations upto 5 wt%. 

 

 


