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SI.1 TC-DoS temperature validation and determination

To demonstrate the need for chamber insulation and an enclosure heater, test measurements on an

aqueous poly(N-isopropylacrylamide) (PNIPAM) solution are shown in Figure S1. Depending on

polymer concentration and molecular weight, PNIPAM solutions exhibit a transition between an

optically clear and turbid state at a certain temperature, enabling the transition to be visualized

with the naked eye. In our test case, the solution transitions from clear to turbid at ∼34 ◦C,

as measured by cloud point tests (Figure S1a). Without the reflective foam insulation and the

enclosure heater (Figure S1b), the pendant drop formed during the measurement is still optically

clear when the nozzle and substrate heaters are set to 36 ◦C, despite the heater temperatures being

2 ◦C higher than the measured cloud point temperature (Figure S1b). This indicates that the actual

droplet temperature is lower than the set temperature of the heaters by as much as 2 ◦C. After

raising the nozzle and substrate heater temperatures to 37 ◦C, the droplet underwent the clear-

turbid transition, indicating the actual droplet temperature surpassed the transition temperature of

34 ◦C. The discrepancy between the actual droplet temperature and the heater temperatures, as

indicated by the ‘lag’ in the clear-turbid transition, demonstrates the need to heat the surrounding

air. Thus, in the final chamber configuration used for measurements in the main text, the chamber

walls were encased in reflective foam insulation, and an enclosure heater was used to increase the

temperature of air inside the chamber.
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Figure S1: Justification for enclosure heater and reflective chamber insulation in TC-DoS instru-
mentation. (a) cloud point test shows that a 1% wt 340 kDa PNIPAM solution transitions from
optically clear to turbid at ∼34 ◦C. (b) Chamber configuration used for measurements in this fig-
ure (no enclosure heater or insulation). (c) Droplet is still optically transparent when nozzle and
substrate heaters are set to 36 ◦C, indicating the droplet temperature is lower than desired. (d)
Droplet transitioned at a set temperature of 37 ◦C.

Validation of temperature control in the complete chamber configuration (with nozzle heater,

substrate heater, enclosure heater, and insulation) is shown in Figure S2. Measured values are

tabulated in Table S1; substrate, nozzle, and gap temperatures are within range of each other con-

sidering the temperature element (e.g. RTD) accuracies of ± 0.5 ◦C.

Sample needle, substrate, and chamber temperatures for trials at 35 ◦C are shown in Table S2.

Given that average substrate and nozzle temperatures were typically within ≤ 0.5 ◦C of each other

during experiments at each temperature, the average nozzle temperature was chosen as the reported

temperature in the main text.
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Table S1: Temperature control validation
substrate nozzle chamber

Trial Tsp [◦C] Tsubstrate [◦C] Tsp [◦C] Tnozzle [◦C] Tsp,chamber [◦C] Tgap [◦C]
1 23 23.0 23 22.9 23 22.2
2 32 32.1 31.5 32.4 29 32.7
3 34 34.2 33.5 34.4 29 34.7
4 36 36.0 36 35.9 29 36.2
5 38 38.0 38 38.1 29 38.3
6 40 40.0 40 39.9 29 40.1

Figure S2: Setpoint temperatures (open symbols) and measured temperatures (closed symbols) of
heaters and gap between needle and substrate during temperature control validation.

SI.2 Raw DoS data and reproducibility
Figures S3 and S4 show the entirety of low-elasticity DoS trials used for analysis, and Figures

S5 and S6 show all WLM trials. Note that the radius decay features just prior to break up –

below R/R0 ≈ 0.03 − 0.04 for 37 ◦C and R/R0 ≈ 0.02 − 0.03 for 39 ◦C – are not as reliable

due to thresholding artifacts inherent to image processing; see SI.2.2 for details. Thus, the 39 ◦C

data are truncated accordingly. At least five DoS trials (N ≥ 5) were used for analyses at each

condition. Statistics were calculated for parameters such as tb and n by taking an average and

reporting the 95% confidence intervals. In general, the spread in trials increases with increasing

temperature and thus fluid elasticity. Comparatively, spread (and thus uncertainty) is highest in

the WLM trials. Both 37 ◦C and 39 ◦C are in the transitional region in which micelle structure

changes drastically with temperature. Thus, very small fluctuations in the temperature across trials
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Table S2: Substrate, nozzle, and chamber temperatures for measurements at 35 ◦C.
Trial Tnozzle [◦C] Tsubstrate [◦C] Tchamber [◦C]

1 35.1 34.8 30.7
2 34.7 34.7 30.6
3 35.0 34.7 30.7
4 34.5 34.7 31.0
5 34.8 34.6 30.8
6 34.8 34.7 30.9
7 34.8 34.2 27.9
8 34.8 34.4 28.1
9 35.1 34.7 28.6

likely cause nontrivial variations in measurements. Despite the relatively larger 95 % confidence

intervals in 37 ◦C and 39 ◦C trials, the average λE and tb values are still statistically different at

each temperature, reflecting distinct dynamics.

Figure S3: All D2O DoS curves used for analysis at 23 ◦C (N = 11).
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Figure S4: P234 DoS curves used for analysis at (a) 23 ◦C (N = 9), (b) 33 ◦C (N = 6), and (c) 35
◦C (N = 8).

Figure S5: Radius evolution curves used for analysis for P234 at 37 ◦C (N = 8).

Figure S6: Raw radius evolution curves for P234 at 39 ◦C. (a) Trials used in analyses (N = 5).
(b) Partial trials taken on a different day than data in (a), showing reproducibility of curve features
associated with BOAS formation.
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SI.2.1 Impact of temperature gradients on rheological parameters

For the trials shown in the main text, temperature gradients did not have a substantial impact on the

extracted rheological parameters (tb, λE , η∞E , tE). Here, the temperature gradient was quantified

as the difference between the substrate and nozzle heaters (Tdiff = Tsub − Tnozzle) and the abso-

lute value of that difference (Tdiff,abs). Multivariate analysis comparing the substrate and needle

temperatures, average temperature, Tdiff , and Tdiff,abs and the rheological parameters showed no

statistically significant trend on any of the four rheological parameters on the temperature parame-

ters. Even in the cases where the highest correlation parameter of ∼ 0.6 was obtained, the resulting

R2 ∼ 0.3, suggesting that these variables are not well-correlated.
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Figure S7: Multivariate analysis of temperature and gradient parameters (Tsub, Tnozzle, Tavg, Tdiff ,
Tdiff,abs vs. DoS parameters (tb, λE , η∞E , te) for T = 33, 35, 37 and 39 ◦C. At each setpoint, no
significant correlations are observed between DoS parameters and temperature parameters.
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SI.2.2 Terminal visco-elastocapillary (TVEC) thinning analysis

Note that the radial decay prior to breakup in raw DoS thinning profiles for trials that exhibit EC

thinning (Figures S5 and S6) are affected by the thresholding step used to binarize images during

image processing. In the thresholding step, a single threshold value is chosen across all images in

a single stack. Thus, the final few frames in which the filament is exceptionally slender may not be

captured. This issue is exacerbated by the presence of a chamber that adds an additional window

that must be imaged through. The early frames should not be overthresholded to compensate

because doing so would artificially increase the size of the filament. As a trade-off, the downturn

at the end of the radius decay plot arises and appears to resemble terminal visco-elastocapillary

(TVEC) thinning, which has been observed in high molecular weight PEO solutions.1 The TVEC

region arises from the finite extensibility of the polymer chain or micelle and can be described by

the following equation: 1–3

R/R0 =
σ

2R0η∞E
(tf − t) =

1/2

OhTr∞

(
tf − t

tR

)
(SI.2.1)

where Tr∞ = η∞E /η0 is the terminal Trouton ratio.

To assess if TVEC thinning is really present, the final frames of representative P234 trials at

37 ◦C and 39 ◦C were re-thresholded independently from the earlier frames to capture more of the

slender filament. For P234 at 37 ◦C (Figure S8a-b), the tail in the thinning profile still exists after

rethresholding. Fitting Eq. SI.2.1 to the end of thinning yields an infinite extensional viscosity η∞E

= 14.7 Pa·s, which is slightly higher than, but within 20% of, the value estimated from calculating

ηE from the radius decay data (η∞E = 11.9 Pa·s). Importantly, re-thresholding does not impact the

extracted λE , and the η∞E value is still the same order of magnitude as that reported in the main

text. For P234 at 39 ◦C, re-thresholding the final frames eliminates the downturn completely; thus,

no TVEC thinning is present, and the downturn can be entirely attributed to threshold decay as the

filament becomes exceedingly slender. As such, the re-thresholded frames near breakup have been

added to the radius decay plot shown in the main text for P234 WLMs at 39 ◦C.
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Figure S8: Original radial decay curves and re-thresholded end regions of representative P234 DoS
trials. (a) original radial decay curve for P234 37 ◦C. (b) linearized end region resulting from re-
thresholding final frames for P234 37 ◦C. (c) original radial decay curve for P234 39 ◦C. (d) curve
resulting from re-thresholded final frames for P234 39 ◦C.

SI.3 DoS extension rates for P234 at 39 ◦C

The extension rates of P234 WLMs at 39 ◦C are significantly lower than those of high molecular

weight polymers. As shown in Figure S9, the extension rates only reach ∼ 10 1/s at most, which is

2-3 orders of magnitude lower than those reached in high molecular weight PEO solutions.4 The

gray shaded region in Figure S9 indicates early thinning times in which spreading and VC thinning

is occurring; thus, only extension rates in the nonshaded region are attributed to elastic thinning.
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Figure S9: Extension rates of P234 at 39 ◦C. Curves correspond to the same trials shown in Figure
S6a. The gray shaded region corresponds to early thinning times in which spreading and VC
thinning occurs.

SI.4 Calculating IC prefactor and Rayleigh time

The IC prefactor α has been shown to vary between 0.4 and 1, depending on fluid and system

parameters.5 The variation of α in this work is shown in Table S3. As shown previously,6 when α

is allowed to vary such that Cfit and Ccalc match, α ≈ 0.6 for fluids that exhibit IC thinning. In

this work, D2O and P234 at 23 ◦C exhibit IC thinning. α then deviates from 0.6 for more viscous

fluids such as P234 at 33 ◦C and 35 ◦C.

Just like Cfit and Ccalc in the main text, tR,fit and tR,calc are in good agreement for samples that

exhibit IC thinning but deviate from each other as the samples become more viscous and elastic.

This same trend was shown by Lauser et al. 6 . tR,fit and tR,calc differ by ≤ 10% for D2O and P234

at 23 ◦C, both of which exhibit IC thinning, whereas tR,fit and tR,calc for the viscoelastic samples

differ by > 40%.
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Table S3: α values needed to match Cfit and Ccalc using fluid parameters as well as tR determined
from the fit (tR,fit) and calculated from fluid parameters (tR,calc).

Sample T [◦C]
Cfit,
Ccalc

α tR,calc [ms] tR,fit [ms]

D2O 23 35.1 0.56 2.0 2.2

P234 23 30.1 0.63 3.0 2.8

P234∗ 33 37.3 0.79 3.1 2.0

P234∗ 35 62.6 1.32 3.1 0.94

P234∗ 37 - - 3.1 -

P234∗ 39 - - 3.1 -

∗samples that deviate from IC thinning

SI.5 Viscocapillary thinning at 37 ◦C and 39 ◦C

Fits to the initial thinning regime of P234 solutions at 37 ◦C and 39 ◦C yielded viscocapillary (VC)

thinning behavior as expected (Oh ≫ 1) at these temperatures. In Figure S10, thinning profiles

were fit to a a power law model R/R0 ∼ tn to allow the power law exponent n to vary. Fits yielded

n = 1 for P234 both at 37 ◦and 39 ◦C, aligning with VC model scaling (Table S4). Data and fits

are presented both in the semi-log and linearized log-log format in Figure S10.

Table S4: Power law exponents from fits to initial thinning regimes in P234 at 37 ◦C and 39 ◦C
reflect VC behavior. Values are reported as an average and 95 % confidence interval.

T [◦C] n

P234 37 1.04 ± 0.03

P234 39 1.05 ± 0.05

S13



Figure S10: Representative fits to P234 thinning data at (a-b) 37 ◦C and (c-d) 39 ◦C reflecting VC
thinning behavior (n=1). Fits overlaid on linearized radius data shown in (b) and (d).

SI.6 Additional dimensionless numbers

The Bond number Bo helps determine the relative importance of gravitational effects compared to

surface tension effects:

Bo =
∆ρgR2

0

σ
(SI.6.1)

∆ρ is the difference between the fluid and surrounding air densities, g is the gravitational constant,

R0 is the initial filament radius, and σ is the surface tension of the fluid. Generally, Bo < 1 suggests

that surface tension forces dominate while Bo > 1 suggests that gravitational effects are important.

However, Clasen has observed that for capillary-thinning experiments, gravitational effects can be

neglected for fluids with Bo < 0.2.7 By fixing Bo at 0.2, a critical liquid bridge radius R∗ below

which gravitational effects can be neglected can be calculated. Table S5 tabulates the calculated
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Bo for D2O and P234 at each temperature as well as the critical radius R∗. Bo for each sample is

less than 1, and R∗ is larger than R0 = 0.64 mm for all samples. Thus, gravitational effects can be

neglected for our samples.

The elastocapillary number Ec compares the viscous timescale η0R0/σ with the elastocapillary

timescale (extensional relaxation time) λE:8

Ec =
λEσ

η0R0

(SI.6.2)

For Ec >>1, thinning is controlled by elasticity and thus the extensional relaxation time. For

Ec <<1, thinning is controlled by viscous effects determined by η0/σ.7 As shown in Table S5,

Ec > 1 for both elastic P234 samples at 37 ◦C and 39 ◦C, supporting the use of EC analysis in the

main text. For P234 at 35 ◦C, Ec = 0.66 which is less than 1, suggesting viscous forces are still

important. However, as shown in the main text, the radius evolution clearly deviates from power

law thinning behavior, thus exhibiting weakly elastic behavior.

Clasen 7 showed that the critical local elastocapillary number Ec∗, which uses the actual fila-

ment R(t) radius rather than the initial radius, is Ec∗= 4.7015 at the VC-EC transition. As such,

the VC-EC transition is predicted to occur at a filament radius RV C−EC = 0.2127λEσ/η0. Using

this equation, RV C−EC/R0 was calculated for P234 at 37 ◦C and 39 ◦C, as shown in Table S5.

From these estimates, RV C−EC/R0 ≈ 0.1 for P234 at 37 ◦C; thus, all EC fits for P234 at 37 ◦C

were started near R/R0 = 0.1.
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Table S5: Calculated dimensionless numbers and critical radii for each sample studied.

Sample T [◦C] Bo R∗ Ec RV C−EC

D2O 23 0.060 1.2 - -

P234 23 0.14 0.75 - -

P234 33 0.15 0.74 - -

P234 35 0.15 0.74 0.66 -

P234 37 0.14 0.75 1.1 0.097

P234 39 0.15 0.73 18 1.6

SI.7 Shear rheology of P234 WLMs

Creep measurements, taken with a constant stress σ = 0.2 Pa, used to calculate zero-shear viscosi-

ties for P234 at 37 ◦C and 39 ◦C are shown below. The slope of the creep curve was used to extract

a shear rate, which was used to calculate the zero-shear viscosity via η0 = σ/γ̇.

Figure S11: Representative creep measurements for P234 at (a) 37 ◦C and (b) 39 ◦C.

The low-shear viscosity of P234 was also measured using a protocol described in the main text.

While the linear-linear representation is presented in the main text, the semi-log representation is

plotted in Figure S12 below.
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Figure S12: Low shear viscosity η for P234 in 0.9 M NaF on a semi-log plot.

SI.8 Contour length estimations

Cole-Cole plots of P234 WLMs at 37 ◦C and 39 ◦C are shown in Figure S13. A semi-circular shape

in the Cole-Cole representation is indicative of Maxwellian, fast-breaking behavior in WLMs. The

Cole-Cole plot for WLMs at 37 ◦C (Figure S13a) is not semi-circular, whereas that for WLMs at

39 ◦C (Figure S13b) is semi-circular.

Figure S13: Cole-Cole plots of P234 WLMs at (a) 37 ◦C and (b) 39 ◦C. A semi-circular shape like
that in (b) is characteristic of Maxwellian, fast-breaking behavior.

For fast-breaking WLMs (τb << τr), contour lengths (Lc) can be roughly estimated using the
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following relation introduced by Granek and Cates:9

Lc/le ∼ G0/G
′′
min (SI.8.1)

where G0 is the plateau modulus, and G′′
min is the corresponding minimum in loss modulus. The

entanglement length le can be calculated from using the correlation length ξ:

le ≈ ξ5/3/l2/3p

ξ ≈ (kbT/G
′
0)

1/3

(SI.8.2)

Crude estimates of Lc are tabulated in Table S6. An approximate value of lp = 64 nm from

P234 in NaCl10 was used for both temperatures. Note that the WLMs at 37 ◦C do not exhibit a

true plateau modulus or minimum in G′′ (Figure S11). Thus, for comparison purposes, G0 and

G′′
min values around the inflection point in G′′ at ω = 10 rad/s were chosen to calculate Lc at this

temperature for comparison. We note, however, that the result is likely an overestimate.

Table S6: Estimated contour lengths of P234 WLMs at 37 ◦C and 39 ◦C. Note that the ratio of
G0/G

′′
min gives an approximate entanglement density.

T [◦C] G0/G
′′
min ξ [µm] le [µm] Lc [µm]

P234 37 1.7 ± 0.4 0.14 ± 0.01 0.24 ± 0.04 0.4 ± 0.03

P234 39 5.0 ± 1.1 0.12 ± 0.01 0.17 ± 0.01 0.84 ± 0.1

Table S7 below contains lp values used to estimate Lc for other surfactant WLM systems in the

main text. Note lp for OTAB/NaOA WLMs were unable to be found in the literature, precluding

Lc calculations for the system in the main text.

SI.9 Comparing extensional elastic and shear moduli

After fitting radial decay curves to the EC model (Eq. 5), the extensional elastic modulus GE can

be extracted from the exponential prefactor
(
GER0

2σ

)1/3
. As such, values of GE determined for 37
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Table S7: lp values used for Lc estimations for surfactant WLMs in the main text.

System lp [nm] Ref.
CPyCl/NaSal

100 mM NaCl brine 20 11

EHAC/NH4Cl 30 12

CPyCl/NaSal 26.7 - 29.8 13

CTAB/NaSal 24a 14
aaverage of lp values at different compositions

◦C and 39 ◦C along with the shear rheology plateau moduli, G0, determined in SI.8 are shown in

Table S8. Unsurprisingly, GE and G0 are not in good agreement for P234 at 37 ◦C; as discussed

previously, the LVE shear rheology at this temperature lacks a true plateau modulus, and the radial

decay curves exhibit the highest degree of variability due the sharp increase in shear viscosity in

this transition region. Conversely, GE and G0 are in good agreement for P234 at 39 ◦C.

Table S8: Extracted extensional elastic moduli and plateau moduli for P234 WLMs.

T [◦C] G0 [Pa] GE [Pa]

37 1.6 ± 0.3 26 ± 6

39 2.8 ± 0.4 2.3 ± 0.5
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SI.10 Beads-on-a-string instability

SI.10.1 Multivariate analysis of parameters affecting BOAS formation

To better understand parameters that affect the formation and evolution of BOAS in P234 at 39

◦C, a multivariate analysis was conducted on experimental variables such as aspect ratio (AR) and

filament length and resulting extensional flow variables such as number of beads and extensional

relaxation time. As predicted, the aspect ratio and filament length are strongly correlated with the

number of beads that form on the filament, as shown in orange in Figures S14 and S15; longer

filaments can sustain more instability wavelengths. Interestingly, the number of beads on a fila-

ment do not affect extensional parameters such as duration of thinning Regions I-III or associated

extensional relaxation times (green outline, Figures S14 and S15).

Figure S14: Correlations between variables in P234 at 39 ◦C trials exhibiting BOAS instabilities.
Notable correlations showing impact of filament length on number of beads are outlined in orange,
and correlations showing how trial-dependent parameters such as AR do not affect extensional
parameters are highlighted in green.

None of the rheologically-relevant timescales (λE,I , λE,III , lengths of region I and III) are cor-

related with aspect ratio or filament length, which is promising given that prior CaBER studies

have shown aspect ratio-dependent rheology.15,16 We suspect this evidence suggests that small dif-

ferences in substrate spreading do not play a substantial role in altering the rheological parameters,

a topic previously investigated by Wu and Mohammadigoushki 17 . Wu and Mohammadigoushki 17

found that spreading does not impact extracted rheological parameters for low capillary numbers,

Ca and spreading velocities but does for higher Ca. Within our operating range, the primary

impact of spreading is likely that the spreading velocity and spreading profile alters the ‘stability

region’ of the fluid column, i.e. the overall liquid bridge volume and ultimately the ‘effective’
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aspect ratio of the fluid.18 For example, when the droplet is pinned, the lower bulb has a substan-

tially higher height, creating an ‘effective’ aspect ratio that is substantially smaller than the actual

aspect ratio, or the ‘effective’ aspect ratio achieved in a sample that spreads. If the spreading sub-

stantially impacted thinning, the rheological timescales (λE,I , λE,III , lengths of region I and III)

would be expected to be correlated with aspect ratio and thus filament length; however only the

bead parameters are correlated with these two geometric variables.

Figure S15: Scatterplot matrix of correlations between variables in P234 at 39 ◦C trials exhibiting
BOAS instabilities. Notable correlations showing impact of filament length on number of beads
are outlined in orange, and correlations showing how trial-dependent parameters such as AR do
not affect extensional parameters are highlighted in green. Density ellipses are shown to guide the
eye.
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SI.10.2 Additional analysis of bead formation (region II)

The bead sizes in region II are approximately equal across the filament for even bead numbers

(N = 2, 4), as shown in Figure 6a (rows i,iv frame 5). However, in both cases starting with three

beads (row ii and iii), the beads have drastically different volumes by the end of region II. For the

N = 3 case (Figure 6a, row iii), the middle bead is larger in volume, which is immediately apparent

upon initial bead formation (frame 3); the high-speed images suggest that the larger middle bead

may have resulted from early coalescence of two beads during bead formation (frames 2-3). The

effect of bead coalescence on bead size is clear in the case where three fully-formed beads coalesce

into two beads in region II (Figure 6a, row ii). The three bead sizes are initially similar, but the

coalescence of the center and upper bead yields an new bead that is ∼25% larger in diameter than

the bottom bead in the final frame of region II (Figure S16a).

For beads of equal size (N = 2, 4 in Figure 6a), BOAS instabilities arise more symmetrically

than when bead sizes are unequal. For example, the terminal beads are found at a nearly identical

distance from the top and bottom bulbs at the end of region II for N = 2, 4; for N = 4, each middle

bead is also equidistant from the adjacent terminal bead (Figure 6a, row iv). For the N = 2 case,

the inter-bead distance is shorter than the distance between each bead and the nearest filament

end (Figure 6a, row i). Similarly, for N = 4, the distance between the terminal beads and the

filament end is greater than the distance between terminal and middle beads; the distance between

the two middle beads is the smallest. In these cases, BOAS formation exhibits symmetry about

the horizontal midplane as the instability grows from the filament ends towards the middle of the

filament. However, for unequal-sized beads (row ii, iii in Figure 6a), beads are located at unequal

distances from the filament ends. For example, in the bead coalescence case (Figure 6a, row ii),

the top of the larger bead is found ∼25% of the way down from the top of the filament, whereas

the smaller bead is half as far from the bottom of the filament. Here, the inter-bead spacing falls

between these two length scales. For N = 3, the upper bead falls near the upper bulb and is fairly

close to the middle bead, whereas the bottom bead falls much farther below the middle bead and

is also substantially further from the filament end.
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SI.10.3 Bead velocities and sizes

Figures S16 and S17 show displacement profiles (column i) and bead sizes (column ii) for region

III of all P234 39 ◦C trials that exhibit the BOAS instability. The spatial location of the curve

corresponds with the spatial location of the bead, i.e. the top pink curve corresponds to the top

bead on the filament. In many trials, the top bulb coalesces with the upper bulb prior to breakup.

The coalescence phenomenon is reflected in the discontinuities seen in Figures S16c-d and S17a-b

at the time indicated by the vertical black dashed line. The bead trajectories after the dashed line

also indicate how the filament breaks up. For example, in Figure S16, the curves corresponding to

the middle and bottom bead shift up after the vertical dashed line, corresponding to coalescence of

the top bead. The second bead then moves up while the bottom bead moves down, and the filament

breaks in between the second and bottom bead as indicated by the black star.

Table S9: Bead velocities for each P234 39 ◦C trial shown in Figures S16 and S17. v1 corresponds
to the fits shown in black dashed lines while v2 corresponds to the fits shown as solid green lines.
Positive v values correspond to a bead moving towards the top bulb (up).

v1 × 102 [mm/s] v2 × 102 [mm/s]

trial b1 b2 b3 b4 b5 b1 b2 b3 b4 b5

S16a 1.0 -0.36 - - - 1.3 -2.8 - - -

S16b 0.34 -0.95 - - - 2.1 -1.2 - - -

S16c 1.1 0.52 -0.98 - - - - - - -

S16d 1.1 0.33 -0.51 - - 4.2 1.6 0.65 - -

S17a 2.2 1.6 1.3 0.37 - 3.0 2.0 2.0 -0.67 -

S17b 1.6 0.33 -0.77 -2.5 - 12 5.9 4.9 3.4 -

S17c 1.3 0.73 -0.23 -1.2 -2.3 3.0 2.2 -1.9 -2.7 -3.1
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Figure S16: Displacement profiles and bead sizes in Region III for trials that exhibit 2-3 beads.
Each row (a-d) corresponds to a distinct trial. Displacement profiles are shown in column (i), and
corresponding bead size is shown in column (ii). Vertical dotted black lines indicate discontinuities
that result from the top bead coalescing into the top bulb, and the black star symbol indicates the
region in which filament breakup occurs.
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Figure S17: Displacement profiles and bead sizes in Region III for trials that exhibit 4-5 beads.
Each row (a-d) corresponds to a distinct trial. Displacement profiles are shown in column (i), and
corresponding bead size is shown in column (ii). Vertical dotted black lines indicate discontinuities
that result from the top bead coalescing into the top bulb, and the black star symbol indicates the
region in which filament breakup occurs.
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SI.10.4 Dimensionless parameters for BOAS formation

In their simulations, Chang et al. 19 presented four criteria that must be met for BOAS forma-

tion to occur based on the Weissenberg number Wi (note that Oliveira and McKinley 20 use the

Deborah number De = λE/
√

ρR2
0/σ), the viscosity ratio S = ηs/η0, the Ohnesorge number

Oh = η0/
√
ρσR0, and the finite extensibility parameter L2, which was estimated from the infi-

nite Trouton ratio Tr∞ using the theoretical limit for dilute solutions of FENE dumbbells:20–22

Tr∞ → 2(1−S)L2. Table S10 tabulates the parameters used to compare the values between P234

WLMs at 39 ◦C and PEO solutions studied by Oliveira and McKinley 20 . Calculations using the

initial filament radius R0 and the filament radius near the onset of EC thinning rEC are shown.

Using rEC yields a R/R0 ∼ 0.25, which was near the onset of EC thinning in PEO solutions stud-

ied by Oliveira and McKinley 20 , but conclusions do not change. Figure S18 shows the slender

filament shape at R/R0 ∼ 0.25, confirming the proximity to EC thinning.

Table S10: Parameters related to iterated stretching calculated using the initial filament radius R0

and REC for P234 WLMs and PEO solutions.20

R0

[mm]
REC

[mm]
σ

[mN/m]
η0

[Pa·s]
λE

[s] Oh S De L2 Wi Ca Ec

P234 0.64 - 29 25 8.4 176 3.2 · 10−5 2.7 · 103 1.4· 102 4.7 · 105 3.1 · 104 1.5 · 101

P234 - 0.16 29 25 8.4 351 3.2 · 10−5 2.2 · 104 1.4· 102 7.6 · 106 1.2 · 105 6.1 · 101

PEO 0.6 - 62 4.7· 10−2 0.23 0.25 1.4· 10−1 1.3· 102 8.4· 104 3.2· 101 6.4· 10−2 5.1 · 102

Figure S18: Representative image frame at R/R0 ∼ 0.25, showing nearly slender filament shape
near onset of EC thinning in P234 at 39 ◦C.
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SI.10.5 BOAS vs. blistering instabilities

Previous filament thinning studies of dilute PEO solutions also suggested that multiple generations

of beads formed in time,20,23 where beads within each generation were of similar size. In PEO solu-

tions, one generation of large beads formed initially; then, as the filaments between beads pinched,

subsequent satellite beads of a smaller size formed in between the first generation of beads. Up to

four generations of beads have been observed in PEO solutions,20,23 with bead size decreasing with

each successive generation prior to breakup. These blistering instabilities occur during late stages

of filament thinning and have been attributed to partial relaxation of highly extended chains and

phase separation between polymer and solvent,23–26 though a range of other mechanisms have also

been proposed.19,20,22,27 Notably, these blistering instabilities occur immediately prior to breakup,

where the radius decays more rapidly20,23,28 and assumes a linear rather than exponential decay

profile.23,25,28

While P234 WLMs appear to primarily exhibit only one generation of beads, evidence of sec-

ondary beads can be seen in region III when N ≥ 3 (Figure 6b.iii-iv). For both of these cases,

two small second-generation beads appear to form – one between the bottom bulb and the terminal

bead and another between the lower two beads. However, even though secondary beads are ob-

served in some P234 trials, the presence of blistering instabilities similar to those observed in PEO

solutions is unlikely. In contrast to PEO solutions, the linear radial decay region immediately prior

to breakup where blistering instabilities are well-documented20,23,28 is not observed in any P234

trial (within the camera resolution); rather than transitioning to a linear radial decay profile, the

P234 filament ruptures rapidly at the end of region III. Additionally, at the onset of the blistering

instability in polymer solutions,23,26 the beads across all generations are highly spherical whereas

this spherical shape is never observed in P234 WLMs. However, small secondary beads resem-

bling those seen in the P234 WLMs have been observed in dilute PEO at the end of the BOAS

instability region, immediately prior to the onset of blistering instabilities20,28; these similarities

suggest the secondary beads in P234 WLMs correspond to BOAS instabilities rather than blister-

ing instabilities. Given that the P234 filament ruptures rapidly at the end of region III, short-lived
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blistering instabilities could still occur; alternatively, filament rupture due to WLM breakage29,30

could also explain this behavior. Finally, as high viscosity dampens BOAS progression,31,32 the

much higher solution viscosity of the P234 WLMs could also mitigate phase separation-induced

blistering instabilities25,26 by reducing WLM mobility in solution.

SI.11 Analysis of CaBER vs. DoS data

Linear regression analysis was performed on the five linear, fast breaking WLMs measured by

Omidvar et al. 33 using CaBER and DoS (Table S11), using an equation of the form y = mx + b

where y is Trmax and x = λE/λs, the ratio of extensional and shear relaxation times. The 95%

confidence interval around the slope m and intercept b are reported for each method. The y-

intercept fit is not statistically significant for either CaBER or DoS, as the 95% confidence interval

encompasses zero. For CaBER measurements, the 95% confidence interval also encloses zero,

meaning that there is no statistically significant change in Trmax with increasing relaxation time

ratio. However, Trmax is positively, linearly correlated with the relaxation time ratio for DoS

measurements (R2 = 0.98); the much narrower 95% confidence interval does not enclose zero.

Table S11: Regression analysis parameters for CaBER vs. DoS data from Omidvar et al. 33; m
is the slope and b is the y-intercept. As discussed in the main text, the 95% confidence intervals
around both regression parameters for CaBER trials enclose zero, meaning neither is statistically
significant. The slope is statistically significant at the 95% confidence level for DoS measurements,
indicating that Trmax increases with λE/λs for DoS measurements.

method N m 95% CI b 95% CI R2

DoS 5 372 265 – 478 2.3 -34.1 – 38.7 0.98

CaBER 5 189 -1 – 378 -3.1 -50.9 – 44.7 0.77
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If instead the CTAB/NaSal WLMs examined by Bhardwaj et al. 29 using CaBER are included,

a similar trend in the DoS vs. CaBER data is observed though a slightly higher Trmax is observed

(Trmax ≈ 200, Figure S19). The CaBER data remains randomly distributed with λE/λs with

this additional data. If this higher Trmax was the limiting value for linear WLMs, the general

conclusions about DoS vs. CaBER are still applicable, as Trmax for DoS still exceeds CaBER

values significantly with increasing λE/λs. However, these CTAB/NaSal WLMs are thought to be

branched, as prior work by Sachsenheimer et al. 34 showed that these salt-to-surfactant molar ratios,

[R], occur after the first maximum in the zero-shear viscosity with increasing [R] – a clear signature

of WLM branching. Note that the branched WLMs examined by Omidvar et al. 33 using DoS also

follow a linear relationship with λE/λs; here m = 626, which falls above the data for linear

micelles using DoS (m = 372, Table S11). Additional data by Calabrese and Wagner35 also show

higher Trmax for branched vs. linear WLMs. Accordingly, the higher Trmax when the ‘branched’

CTAB/NaSal WLMs are included in Figure S19 likely reflects the branched microstructure (and

ability of these WLMs to relieve stress by sliding branch points), rather than true change in the

Trmax limit for linear WLMs. Note that the trends in DoS data persist despite differences in

instrument and instrument configuration. Data by Wu and Mohammadigoushki 17 and Omidvar

et al. 33 were taken on the same instrument but with different substrate spreading; data for P234

WLMs was taken on a different DoS device than the prior two studies.
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Figure S19: Trmax for fast-breaking WLMs as a function of relaxation time ratio, λE/λs, measured
in CaBER (blue △) vs. DoS (pink •); ref. numbers refer to the main text. WLMs measured via
DoS show a clear increase in Trmax with increasing λE/λs; corresponding CaBER trials appear
randomly distributed, likely due to breakage during the initial step strain. CaBER trials coded by
sample and reference show that even within the same system or operating parameters, no trend
in Trmax with increasing λE/λs is observed. Additional CaBER data from micelles thought to
be branched is included, along with DoS trials on branched WLMs. Branched WLMs appear to
achieve larger Trmax than linear WLMs.
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