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Supplementary Text 1-5 

 

1. Key parameters, relation to characteristic dimension, and their interplay 

Several key dimensionless parameters were identified to play a primary role in this fabrication 

method. The parameters were incorporated into the following relations:   

    (1) 

where dc is the characteristic dimension for the morphologies. Some examples can be the cross-

sectional diameter for particles, rods, and fibers; principal cross-sectional axis of ribbons; and the 

thickness for sheets. Rec is the Reynolds number of the continuous phase, Cac is the capillary 
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number of the continuous phase, Wed is the Weber number of the dispersed phase, and  is the 

chi interaction parameter between the nonsolvent and solvent. At this point, this equation is used 

qualitatively and does not describe the points of morphological transition. Rather, it describes how 

characteristic dimensions, which can be diameter, thickness, fiber length, etc. depending on the 

morphology, will change due to varying process parameters.  

 Some of these parameters can be used to describe the processing conditions during 

fabrication and can help predict behavior prior to precipitation. The Rec of the continuous phase 

will provide information about the streamline characteristics of the fluid. The combination of Cac 

and Wed will provide information on the ratio of inertial and viscous forces to cohesive forces of 

the continuous and dispersed phases. The relative precipitation rate is evaluated by  which is 

an evaluation of the affinity or miscibility of the nonsolvent and solvent. These dimensionless 

parameters are calculated from the following equations:  

          (2) 

          (3)  

          (4) 

where ρ is the bulk phase density, v is the bulk flow velocity, l is the characteristic dimension of 

the fabrication system, µ is the bulk dynamic viscosity, and γ is the surface tension between the 

polymer solution and the nonsolvent medium. Ca and We calculations were performed with a value 

of γ = 0.001mN/m14.  The interaction parameter can be approximated by the Flory-Huggins 

equation, although we use only empirically found values in this report to avoid any limitations 

from the model data. While approximate values of Re, Ca, We, and  may describe the system 

behavior, they may not correlate precisely with the final principiated morphologies as exemplified 

in the summary section of the main manuscript.  

 

The main document ascribes a significant parameter to each stage of our model. However, 

there is significant parameter interplay in this technique. A list of the most common potential 

effects that could also affect the outcome includes:  

• Increasing flow velocity may increase the interfacial mass transfer as it may increase the 

convective versus diffusive contributions. This may cause the transport boundary layers to 

shrink. Theoretically, this should provide slightly faster NS-S exchange and precipitation 

rates, though this has not been found to have the most significant effect on the structure 

formation.   

• Polymer concentration is also related to the precipitation rate. Higher concentrations 

correlate to more rapid onset of phase separation since there is a reduction in the amount 

of nonsolvent influx required for full precipitation. This will correspond to a shrinking one-

phase region as defined in a ternary phase diagram.  



 

 

3 

• Polymer solution viscosity is dictated primarily by polymer concentration. While there is 

ultra-low interfacial tension between pure components of solvent and nonsolvent, 

increasing polymer concentration in the solvent may increase the interfacial tension 

between the polymer solution and nonsolvent medium. This may affect the stress balance 

with hydrodynamic shear and polymer solution extension and breakup. 

• Decreasing the characteristic length of the system, typically defined by fabrication 

platforms’ shearing gap, will increase the shear gradient along the gap. Smaller system 

characteristic lengths will affect the fluid regime and push it towards laminar flow 

regardless of increasing shear rates. Note, that this is only relevant for Couette cell platform 

as the serrations on the IKA rotor and stator may introduce end-effects and pressure 

fluctuations which prohibit laminar flow despite low rotational speeds. 

 

2. Molecular chain entanglement of polystyrene in tetrahydrofuran solution 

While there is little literature reporting viscosity or entanglement concentration data for PS/THF 

systems in system conditions similar to shear-driven fabrication, studies in electrospinning 

papers31,32 have shown that the concentration of chain overlap (C*) and chain entanglement for 

PS/THF systems can be estimated by the following equations:  

      (5) 

     (6) 

where is the intrinsic viscosity of PS/THF solution with 0.011 and 0.725 being the Mark-

Houwink constants4,31. For our polystyrene solution (Mw~ 230 kDa), values of C* and Ce were 

calculated from the above equations and were found to be 1.2 wt% and 13.0 wt%, respectively. 

Higher entanglement concentrations for proper fiber fabrication have been reported in other 

electrospinning papers for polystyrenes with similar molecular weights to ours (~ 230 kDa)32,33. 

We have observed solely fiber formation at concentrations far below 13.0 wt% in PS/THF 

system. If we assume that the concentration of entanglement is the point at which the solution 

viscosity dramatically increases with respect to the concentration, we can estimate the Ce to be 

approximately 3.15 (Supplementary Fig. 1). While this value is still higher than the one predicted 

from resulting morphology data (~ 2.5 wt.%), it is closer to what we have observed and shows that 

our platform is capable of fiber formation at lower polymer concentrations.  

 

3. Analysis of dripping and jetting regimes 

We approximate that uniform Couette flow is present in our system up to 160 rpm. Turbulent 

Taylor vortices should appear around 1700 rpm. Typically, dripping is observed when the We of 
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the dispersed phase (Wed) and Ca of the continuous phase (Cac) are both small20. We assumed that 

the surface tension between the polymer solution and the nonsolvent medium is ~ O(10-3) and Wed 

~ O(10-3) for the polymer concentrations tested. Looking at driping and jetting regimes analysis 

from literature using a similar geometry to our (1mm vs 2.5 mm gap), we expected a dripping to 

jetting regime transition to occur above Cac ~ O(10-1). If this was the case, several of the tested 

processing conditions would be within the dripping regime (Supplementary Fig 4). This is not in 

agreement with our results as fibers and ribbons are still produced with Cac < O(10-1). One 

explanation for this discrepancy may be tied to the relation between liquid thread stability and Ce 

which has been shown in electrospinning literature to be the point at which fully formed fibers are 

fabricated instead of beaded structures4,31-34. We generally observe the formation of fibers at lower 

concentrations than those predicted for electrospinning. Another explanation may be that the 

assumed interfacial tension of 1 mN/m is still greater than the actual.    

 

4. Kolmogorov length scale approximation 

Based on the hypothesis that the fabricated polymeric structures are templated by the fluid 

streamlines during precipitation, the Kolmogorov length scale ( ) was calculated and compared to 

the terminating branch lengths of the fabricated dendricolloids in Fig S5A. It is determined by 

fluid viscosity ( ) and the rate of energy dissipation ( ) as shown below 

          (7) 

The rate of energy dissipation for the high-shear colloidal mill was estimated by the following 

equation from Groeneweg et al.22 with a dissipation constant (Cdiss) of approximately 40: 

      (8) 

where N is rotational speed of rotor and r is rotor radius (averaged as rotor is angled). Here, it is 

clear that the length scale will decrease with increased energy input through rotor speed since it 

will result in a higher energy dissipation rate. The Kolmogorov length scale will not account for 

other possible effects within our specific IKA colloidal mill (i.e., cavitation due to serrations on 

rotor and stator). Thus, while it can be related to Re in other fabrication platforms, it may not give 

an accurate Re for us that would describe the characteristics of the fluid within the IKA device.   

 

5.  Fabrication mechanisms of different morphologies 

Laminar media precipitation with insufficient entanglement: Laminar flow is crucial for 

making “one-dimensional” morphologies as the polymer solution deforms along the fluid 

streamlines. With insufficient entanglement (below Ce), the injected polymer solution stream jets 

and extends significantly due to the low viscosity ratio. Smooth microparticles are formed with 

delayed precipitation as the longer time scale allows the stream to jet before pinching off into 

droplets and precipitating. Microrods with short aspect ratios are formed when there is a balanced 
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nonsolvent-solvent exchange rate which allows for droplet shearing and secondary fragmentation 

due to low mechanical integrity as evident in other studies of rod-like particles14-16. Micro-sheets 

are formed due to the rapid interfacial precipitation, which leads to a cohesive porous outer layer, 

or skin, surrounding a polymer solution core before collapsing into a sheet. Due to limited chain 

entanglement, these micro-sheets are typically of smaller area and larger thickness compared to 

the nanosheets due to the diminished shear from the laminar flows.   

Laminar media precipitation with sufficient entanglement: Polymer solution stream 

elongation still occurs at higher polymer concentrations. When there is little to no shear from the 

bulk medium, the dripping effect will lead to formation of large droplets. With delayed 

precipitation, a distinct nonporous skin is formed around the polymer solution droplet, affecting 

NS-S exchange. It is theorized that the solvent efflux is still greater than nonsolvent influx which 

generates an imbalance in internal and external forces. The mechanically stable skin, due to its 

lateral stiffness, will buckle and produce wrinkled microparticles. With slightly more rapid 

precipitation rates, precipitation commences before droplet breakup. These conditions produce 

structures with extreme elongation such as fibers with circular cross-sections in balanced 

precipitation conditions. Ribbons with non-circular cross-sections are fabricated during rapid 

precipitation and concurrent skin formation and collapse. There is no secondary fragmentation for 

fibers or ribbons due to the mechanical stability resulting from the greater degree of molecular 

chain entanglement. 

Turbulent media precipitation with insufficient entanglement: Turbulent flow is inherently 

chaotic and shears the polymer solution into small droplets upon injection. The droplets are 

violently stretched in multiple directions and precipitate as structures with small aspect ratios. 

Similar to laminar flow with insufficient chain entanglement, smooth nanoparticles are formed 

when precipitation is delayed. Viscous eddies easily deform the droplets and initiate further droplet 

break up until the interfacial stresses of the newly formed droplets are balanced by stresses induced 

by smaller eddies35. Spherical shapes are maintained since a longer precipitation timescale allows 

for droplet breakdown to conclude prior to complete precipitation. With a slightly faster 

precipitation rate, mesorods are formed after slight elongation. Even more rapid precipitation does 

not provide much time for liquid interface shape templating and the rapid precipitation during the 

process of droplet formation and pinching off results in irregular structures or amorphous chunks. 

Turbulent media precipitation with sufficient entanglement: Adequate chain entanglement 

allows for the formation of more complex structures when the droplets are stretched by the 

multiscale eddies. Dendritic particles or dendricolloids are formed in conditions of delayed 

precipitation. These particles are hierarchical, similarly to the intrinsic multi-scale characteristics 

of the turbulent flow. In comparison, fibers are formed with balanced precipitation rates in laminar 

flow at similar polymer solution concentrations.  Branched-ribbon particles are fabricated under 

conditions of balanced precipitation in turbulent fluidic regime. This morphology is hierarchically 

structured similarly to dendricolloids except having ribbon-like branches which are a result of skin 

formation and collapse. With rapid precipitation, polymer solution droplets instantly form a thin, 

porous skin layer, which is sheared off, re-exposing the interior solution, and resulting in massive 

nano-sheet formation. 
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Supplementary Figures  

 

 

 

 

Supplementary Fig. 1 | Viscosity vs. solution concentration relationship. The point at which the 
viscosity increases dramatically should be similar to the critical entanglement concentration. 
These data show the concentration to be approximately 3.15 v.% of PS/THF (230 kDa). This is 
significantly lower than what was expected from similar PS/THF solution from electrospinning 
papers.  
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Supplementary Fig. 2 | Effect of shear rate on characteristic dimensions of structures fabricated 
within couette cell. a, Skin thickness of fibers and ribbons. Skin thickness general increases with 
polymer concentration. b, Numerical values of characteristic dimensions of particles, fibers, and 
ribbons shown by bubble icons in Figure 2. The dimensions decrease with increasing shear and 
decreasing polymer concentration. All conditions had sufficient sample size except for two 
conditions in (a) (600 s-1 at 10 wt.% and 300 s-1 at 15 wt.% which both had N = 2).  Error bars 
represent standard deviation.  
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Supplementary Fig. 3 | Critical role of shear in the formation of colloidal morphologies. Using 
50 v.% glycerol mixture in water as the nonsolvent medium increases the viscosity of the shearing 
medium, and consequently the shear stress induced on the precipitating phase. At lower shear 
rates, spherical particles, rather than fibers, are produced because of a higher likelihood of 
droplet breakup. Once we surpass a certain shear rate, thinner fibers are fabricated using the 
glycerol shearing medium compared to that without glycerol. However, the degree to which a 
change in the interfacial tension also contributed to the structural differences has not been 
determined. The diameters of fibers precipitated in the water nonsolvent were approximately 
5.2 – 35.7 µm for 100 – 3,000 rpm conditions while those of fibers precipitated in 50% glycerol 
mixture were 1.8 – 4.1 µm for 750 rpm to 3,000 rpm conditions.  

 

 

 

 

 

 

 

 

 



 

 

9 

 

Supplementary Fig. 4 | Wed and Cac for various polymer concentrations and shear rates (red 
data points) plotted on graph from Utada et al. (Reproduced with permission)20. At relatively 
constant Wed, we expected processing conditions within the dripping regime (filled data points 
within grey lines) which would correlate to spherical particle formation. This contrasts with our 
findings of fiber formation even within the dripping regime outlined here.  
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Supplementary Fig. 5 | Rheological properties of dendritic particle suspensions. a, There is little 
difference in the lengths of the terminating branches, circled in red in SEM image, found through 
image analysis, of dendricolloid particles fabricated at different shearing conditions (DI water as 
nonsolvent). Error bars show standard deviation. b, Bulk rheological properties of suspensions of 
the dendritic particles from (a) show increasing gelation with dendricolloids formed under higher 
energy dissipative conditions. c, The same trend in rheological properties is shown when 
increasing the shear stress by decreasing the geometric dimensions (rotor-stator gap) of the 
colloidal mill platform. Each sample was fabricated from 5 wt.% PS/THF polymer solution and 
precipitated within DI water. d, Dendritic particles with ribbon-like structures (from 10 and 15 
wt. % solutions) show greater storage moduli compared to those of dendricolloids (4.5 wt.%) 
whose branches are fiber-like with circular cross-sections. This may be explained by the fact that 
the greater surface area of the branched-ribbon structures can increase interactions (e.g., van 
der Waals) within the suspension. For these graphs, gelation efficiency was evaluated through 
the dependence of the storage modulus (G') on the fabrication shear rate (only G' considered as 
G' > G'' across all frequencies). 
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Supplementary Fig. 6 | Fabrication of similar morphologies by different polymers. The set of 
polymers were selected for their diverse chemical composition and properties: 
polyvinylidenefluoride, polyester, and chitosan. The samples shown are obtained under 
analogous shear-driven processing conditions based on polymer intrinsic properties and choice 
of ternary compositions. Certain structures (i.e., microparticles for PVDF and PES) were difficult 
to form without surfactant additions due to their large molecular weights and semi-crystallinity. 
These results support our belief that liquid-liquid fabrication principles can be used to make a 
broad range of polymeric materials with diverse chemical compositions and areas of application. 
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Supplementary Fig. 7 | Fabrication conditions of the colloidal materials. a, Corresponds to 
structures shown in (a)  Fig. 1a. and (b) Supplementary Fig. 6. Each structure has differences in 
the processing conditions related to polymer concentration, polystyrene molecular weight, the 
solvent and nonsolvent, the shear rate, and the fabrication platform. P, S, and NS represents the 
polymer, solvent, and nonsolvent used for each ternary system. Couette and IKA signify the 
fabrication platform used and the general delineation of laminar versus turbulent flow. Polymers 
used were polystyrene (PS), polyvinylidenefluoride (PVDF), copolyester (PES), and chitosan (CS). 
These were dissolved in solvents including tetrahydrofuran (THF), 1,4-dioxane, 
dimethylformamide (DMF), n,n-dimethylacetamide (DMAc), dimethylsulfoxide (DMSO), 
chloroform (CHCl3), and acetic acid (HOAc). Nonsolvents used are water (H2O), ethanol (EtOH), 
and methanol (MeOH).  

 

 

 


