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Ultrasoft silicone gels with tunable refractive index for
traction force microscopy.

J. Zsolt Terdik,∗a David A. Weitz,a,b,c and Frans Spaepena

We formulate and characterize silicone gels near the gelation threshold with tunable refractive index,
1.4 < n < 1.49, and small viscoelastic moduli, G′ ∼ 1 Pa, for use in traction force microscopy. The
near-critical gels have low-frequency storage plateau moduli between 50 Pa and 1 Pa, with loss moduli
that are more than fifty times lower at low frequencies. The gels are linearly elastic up to strains of at
least 50%. The refractive index of the gel is tuned to eliminate spherical aberrations during confocal
imaging thereby minimizing signal loss when imaging through thick gel substrates. We also develop
an index-matched colloidal particle, stabilized by a silicone brush, that can be dispersed throughout
the gel. These particles can be used to determine the deformation of the gel. The combination
of mechanical and optical properties of these near-critical gels extends the lower limit of stresses
that can be measured with traction force microscopy to single mPa values, while minimizing optical
aberrations.

In traction force microscopy (TFM), the deformation of an elas-
tic substrate is used to measure the forces applied to the bound-
ary of the substrate, while visualizing the sample attached to it
above.1 Typically, a transparent polymer gel with calibrated elas-
tic properties is used as a substrate. Tracer particles embedded
within the gel are located and tracked with a confocal micro-
scope, that is also used to visualize the sample above the gel.
Traction force microscopy and related techniques,1,2 have been
used to measure a wide range of biological and physical phenom-
ena, spanning orders of magnitude in stress, including single-cell
traction stresses with magnitudes of 10 Pa and interfacial cracks
of drying colloidal films with stresses as high as 100 kPa. This
stress range, while spanning orders of magnitude, is neverthe-
less significantly larger than stresses encountered in the rheology
of soft solids. An order of magnitude estimate of modulus G of
soft solids with length scale L can be made by assuming the in-
teraction energies are thermal, G ≈ kBT/L3. For a prototypical
soft material such as a hard-sphere colloid dispersion, individual
micron-sized particles can be identified and tracked with a com-
mercial confocal microscope as the material is deformed, provid-
ing rich structural and dynamical information on internal defor-
mations that occur in response to applied stress.3–5 However, the
length-scale L ∼ 1 µm is set by the size of individual colloids and
necessarily gives rise stress on the order of 1 mPa.6 Extending
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TFM to this range of stresses would enable a variety of mechani-
cal measurements that link the microscopic deformations visual-
ized in 3D with the confocal microscope to the mPa-scale forces
that couple to the deformation. However mPa-scale stress sen-
sitivity in TFM requires compliant substrates and high-resolution
imaging to ensure measurably large displacements of the tracers
from which to infer the deformation. In addition to the limita-
tion on the range of stresses that are measurable, existing elastic
substrates are not typically index-matched to the immersion oil of
the objective. This refractive index mismatch, combined with the
thickness of gel, gives rise to spherical aberrations that degrade
the spatial resolution when imaging the sample through the sub-
strate using confocal microscopy.7,8

In this paper, we formulate and characterize poly-dimethyl-
diphenyl-siloxane (PDPS) gels with independently tunable elastic
modulus and refractive index. Mechanically, the gels exhibit true
elastic solid response at low frequencies, with plateau storage
moduli of single Pascals and loss moduli that are approximately
fifty times smaller. Conveniently, the near-critical gels are mixed
from commercially available components and require no synthe-
sis. For traction force microscopy applications, we also synthesize
colloidal tracers that are index-matched to the gel and stabilized
by a PDPS silicone brush, allowing them to dispersed in the gel.
Chemically, the gels differ from poly-dimethyl-siloxane (PDMS)
by substitution of dimethyl side groups for diphenyl groups along
a siloxane backbone. Given the chemical similarity to commer-
cial PDMS formulations used in TFM including, for example,
Sylgaard-184 and CY52-276, both from Dow Corning, we propose
these PDPS gels as substitutes in existing TFM protocols based
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on PDMS elastomers, especially in cases where a more compliant
substrate is desired, or to reduce spherical aberrations that arise
when imaging through thick gel substrates.

1 Single mPa sensitivity: mechanical and optical
constraints

While there are several methods of determining the deforma-
tion in TFM,9,10 the minimum stress resolvable by this technique
can be estimated by considering a uniform applied shear stress
across the elastic substrate with single-particle locating of the em-
bedded tracers to determine the shear strain. For typical thick-
ness of h = 50 µm and spatial resolution of δx = 50 nm obtainable
from single-particle locating centroid locating,11,12 the minimal
resolvable stress σ depends on the shear modulus G

′
of the gel

as σ = G
′ · (δx/h) = G

′
/1000. Hence, single-mPa stress resolution

using TFM requires gels with tunable moduli approaching 1 Pa.
Higher precision particle locating,13,14 thicker samples, or aver-
aging over multiple particle displacements would further increase
the stress sensitivity.

To minimize optical aberrations, the gel should be transpar-
ent, index-matched to any tracers dispersed in the gel, and index-
matched to the immersion medium for the microscope objective.
Meeting all three criteria eliminates scattering, reflections, and,
crucially, spherical aberrations associated with confocal imaging
at depths exceeding the thickness of the polymer gel.7,8 Here we
consider glycerol immersion objectives15 with a refractive index
of nD = 1.45 and formulate the PDPS gels for this target. Simi-
lar formulation chemistry based on PDPS polymers outlined here
can be used to prepare gels with a refractive index in the range
of 1.4 < n < 1.49. In particular, an ultra-soft gel without any
diphenyl substitution will have n = 1.40. When paired with sili-
cone oil immersion objectives available from Olympus, these gels
would eliminate spherical aberrations and closely match the av-
erage refractive index of live cells. The higher limit of n = 1.49,
achieved at the highest diphenyl substitutions commercially avail-
able would be similarly suitable for oil immersion objectives.

2 Gelation chemistry and formulation
The functional components of PDPS gels are vinyl-terminated

and hydride-functional PDPS polymers that undergo a platinum-
catalyzed hydrosilylation reaction.16,17 The functional polymers
are dispersed in a non-reactive polymeric liquid filler prior to the
addition of a room temperature active catalyst. The refractive
index of the gel is determined by the average phenyl content of
the mixed components. The compliance of the gel is controlled
by the cross-link density, which determines the mesh size of the
gel. We use a combination of techniques to lower the cross-link
density: use the highest molecular weight reactive pre-polymers
that can be solubilized in the nonreactive liquid filler; use vinyl
reactive polymers with functional end groups; use a polymeric
cross linker; and use mass fractions of nonreactive liquid filler
that approach the gel point.18 These techniques lower the cross-
link density, and thereby the modulus, while maintaining a fixed
ratio of the reactive hydride and vinyl components. Once the
reactive chemistry and molecular weight of the pre-polymers is
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Fig. 1 Refractive index, measured with an Abbe refractometer, of two
soluble non-reactive silicone oils (PDM-0821 and PDM-1922, Gelest) as
function of weight percent PDM-1922. The target refractive index nD =

1.45 occurs at 26 wt.% PDM-1922. Ordinary least squares regression
(blue line) of the measured values (red points) is used to obtain slope
and intercept values of 0.046 and 1.438 respectively.

determined, we can tune the refractive index by altering aver-
age phenyl content of the liquid filler and crosslinked network.
By tuning the amount of liquid filler, we can tune the modulus.
Hence, importantly, the mechanical and optical properties of the
gel can be varied independently.

The solvent compatibility of PDPS gels is similar to the solvent
compatibility of PDMS gels, but depends on the diphenyl substi-
tution.19 Solvent compatibility of the gels can be quickly assessed
by phase separation of the liquid filler with the solvent. Methanol,
formamide and an aqueous solution of 4M urea showed complete
phase separation with the liquid filler, and hence did not swell the
cured gels. Water, however, is not compatible with PDPS gels used
in this work, but is immiscible with PDMS which lacks diphenyl
substitution, and is used as substrate for cell culture and traction
force microscopy20. The gels used in this work are designed to
eliminate spherical aberrations using glycerol immersion objec-
tive. For live cell imaging, spherical aberrations are minimized
with silicone oil immersion objectives which closely match the
average optical properties of cells and fall within the tunable
range of silicone elastomers without diphenyl groups. We suspect
that gels with analogous mechanical properties maybe formulated
using commercially available reagents, in particular vinyl termi-
nated base polymers (e.g. Gelest DMS-V35), hydride functional
polymeric cross-linker (e.g. Gelest HMS-301), and non-reactive
silicone oils (e.g. Gelest DMS-T35) in place of the diphenyl sub-
stituted analogs used in this work. Apart from diphenyl substitu-
tions, these materials would be comparable to the ultrasoft gels
in this work and the near-critical gels in Ref.18.

The PDPS gels are formulated in three steps: formulation of
stock solutions containing reactive components in a nonreactive
liquid filler, mixing of these stock solutions to prepare a pre-gel so-
lution that contains all reactive components as well as additional
nonreactive liquid filler, and curing of the pre-gel solution by the
addition of catalyst. Five stock solutions are required and their
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composition is given in Table 1: liquid filler (λ) with the target
refractive index; base solutions (b1 and b2) of vinyl-terminated
PDPS polymers with refractive index lower, and higher, than the
target value; hydride terminated crosslinker solution (c); and
platinum catalyst solution.

2.1 Liquid filler (λ)

A liquid filler stock solution is prepared by mixing two non-
reactive PDPS oils (PDM-1922 and PDM-0821, Gelest) that have,
respectively, a larger and a smaller refractive index than the target
value. For solutions of these silicone oils, the refractive index near
the target value for glycerol immersion objectives can be varied
as a function of the fraction of the higher refractive index com-
ponent, as plotted in Figure 1. This liquid filler solution serves
as diluent for the remaining stock solutions, and will be added
to the pre-gel solutions to tune the mass ratio of liquid filler. A
stock solution of several hundred grams is mixed at the target
mass ratio, and its refractive index is measured with Abbe refrac-
tometer. The final composition may need additional adjustments
to account for lot-specific variations in the refractive index of the
neat components.

2.2 Base solutions (b1 and b2)

A high molecular weight, vinyl-terminated diphenyl-dimethyl
siloxane with refractive index above the target (PDV-1641,
Gelest) is mixed with the liquid filler stock solution. Similarly,
a vinyl-terminated polymer with refractive index below the target
(PDV-0541, Gelest) is mixed with the liquid filler. The base solu-
tions (b1 and b2) are slowly tumbled overnight to ensure adequate
mixing of the viscous components. Dilution with liquid filler has
the benefit of lowering the viscosity. The mass ratio of vinyl-
terminated polymers in these base solutions is set, so that an even
mixture of the two base solutions will yield a volume weighted av-
erage refractive index equal to the target value. Hence, the mass
ratio used to prepare the base solution will vary depending on the
lot-specific refractive indices of the neat polymer. Note, that due
to the high molecular weight of these reactive polymers, they are
not miscible with each other, so that calibration measurements of
the refractive index, analogous to Figure 1, are not possible. Nev-
ertheless, the base polymers are soluble in the liquid filler, and
yield transparent pre-gel solutions. During gelation, they are ex-
pected to form a network of random co-polymers with an average
refractive index equal to the target value. After gelation, a trans-
parent gel is formed indicating the absence of phase separation
during gelation.

2.3 Crosslinker solution (c)

Fourth, a polymeric, hydride-functional crosslinker (HDP-111,
Gelest) is dispersed in liquid filler, such that equal masses of the
two vinyl-base solutions and the crosslinker solution (c) yield
hydride-to-vinyl molar ratios of ∼4-5. Hydride-to-vinyl mol ra-
tios larger than one, corresponding to an imbalanced stoichiome-
try of the reactive components, are used to ensure that the vinyl-
terminated components are fully reacted and incorporated into
the network. In principle, this ratio can be adjusted to maximize

the ratio of G
′
/G

′′
in the cured gel. Here, however, no significant

variation was found and the ratio G
′
/G

′′
was greater than 50 at

low frequencies, comparable to commercial PDMS formulations.
The polymeric hydride-functional cross-linker is a minority com-
ponent, making up about 1% by mass of c, and approximately
0.1% by mass of the final pre-gel solution. While at the lower
concentrations of the fully mixed pre-gel solutions the crosslinker
is soluble prior to gelation, the mass ratio used for the stock solu-
tion is beyond the solubility limit as evidenced by the cloudy stock
solution. A more dilute solution of crosslinker could be prepared
and used by re-appropriating liquid filler from either the base
stock solutions, thereby creating more viscous base solutions, or
by the final diluent step at the expense of a larger minimum liq-
uid filler mass fraction. Instead of these alternatives we chose to
mix the crosslinker solution, as needed, until a homogeneously
cloudy solution is attained.

2.4 Catalyst solution

Finally, a room temperature catalyst (SIP-6832.2LC, Gelest) is
dispersed at 10% by weight in the liquid filler. No inhibitors are
used; addition of ∼ 10 µL of catalyst solution per gram of pre-gel
solutions (p = 10 µL/g) allows a work time of several minutes.
Other platinum catalysts can be used for elevated temperature
curing (SIP 6833.2, Gelest). Diethyl maleate can be added at ppm
concentrations to extend the work time,21 however we find that
near the gel point, addition of inhibitors increases the time for
complete gelation, with inconsistent results. Decreasing the cata-
lyst concentration is the preferred method of increasing the work
time. Decreasing the catalyst concentration from p = 10 µL/g to
p = 7 µL/g increases the work time by an order of magnitude.

2.5 Mixing pre-gel solutions and calibration

Using these stock solutions, a range of pre-gel solutions with
varying liquid filler content and hydride-to-vinyl ratios can be
prepared; gel compositions are given in Table 2. We use con-
vention of b1 : b2 : c : λ to specify the masses (in grams) of the
stock solutions. The first three components, (b1,b2, and c), are so-
lutions of vinyl-terminated base, (b1,b2), and hydride-functional
crosslinker, (c), that have been diluted with liquid filler, while the
fourth component, λ , is additional liquid filler used to achieve
the desired liquid filler mass fraction. Given the formulation of
the stock solutions, for a mass ratio of b1 = b2, the refractive in-
dex of the gel solution is independent of the amount of liquid
filler added. Using this convention and the formulation of the
stock solutions listed in Table 1, we can compute the total liquid
filler mass fraction, ℓ, as function of additional liquid filler λ :

ℓ=
(1−0.198) ·b1 +(1−0.167) ·b2 +(1−0.011) · c+λ

b1 +b2 + c+λ
, (1)

where the numerical pre-factors correspond to the mass fraction
of liquid filler in the stock solutions computed from the com-
position in Table 1. Finally, we compute the hydride-to-vinyl
mol ratio, r, using the hydride equivalent weights, heq = 150 for
HDP-111 and vinyl equivalents per kilogram v1,eq = 0.033 and
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Table 1 Composition of stock solutions.

Stock solution Component 1 Mass of component 1 (g) Component 2 Total mass (g)

Liquid filler (λ) PDM-1922 26 PDM-0821 100
Base 1 (b1) PDV-1641 0.839 λ 5.032
Base 2 (b2) PDV-0541 1.002 λ 5.052
Crosslinker (c) HDP-111 0.046 λ 3.173
Catalyst SIP6831.2LC 0.10 λ 1.0

Table 2 Mass percent liquid filler and rheological calibration of near-critical silicone gels.

Liquid filler (wt %) b1(g) b2 (g) c (g) λ (g) G
′
/G

′′
(Pa) Comments

94.7 0.507 0.502 0.354 2.199 56/0.1
95.2 0.999 0.993 0.702 5.141 20.6/0.1

95.4 0.679 0.672 0.474 8.437 10.8/0.1 4.8 g of 94.7% pre-gel solution and 5.5g of λ

95.6 0.824 0.819 0.579 11.304 5.7/0.1 6.5 g of 95.2% pre-gel solution and 7.1 g of λ

v2,eq = 0.027 for PDV-1641 and PDV-0541 respectively:

r =
(0.011 · c) ·heq

(0.198 ·b1) · v1,eq +(0.167 ·b2) · v2,eq)/1000
= 6.64 ·

( c
b

)
, (2)

where the numerical pre-factors in the first equality correspond to
the weight fractions of the reactive polymer in the stock solutions.
In a simplified equation the ratio of base stock solutions can be
set such that b1 = b2 = b in order to fix the refractive index to
the target. For the gels used here, (b1 : b2 : c : λ ) = (1 : 1 : 0.7 : λ )

corresponding to r = 4.6 and ℓ= (2.3+λ )/(2.7+λ ).

3 Synthesis of index-matched, PDPS-stabilized
tracers

Index-matched tracer particles were synthesized by a modifi-
cation of Kogan et al,22 with PDPS stabilizing brushes and poly-
mer composition of the particle consisting of poly-trifluoroethyl-
co-methyl methacrylate (MMA/FEMA) in place of poly-methyl
methacrylate (PMMA) in order to match the refractive index of
nD = 1.45.23 A stock solution of low molecular weight PDPS poly-
mers is prepared by combining PDV-0525 and PDV-1625 at a
weight fraction of 51.43%. This solution has an average phenyl
content to match that of the liquid filler used in the near-critical
gel. Additionally a stock solution of methacrylate monomers is
prepared by combining 19.594 g of 2,2,2-trifluoroethyl methacry-
late (Sigma 373761) with 9.395 g of methylmethacrylate (Sigma,
M55909). This monomer solution, when used in a dispersion
polymerization step, produces polymer particles with target re-
fractive index of nD = 1.45.

Synthesis of the graft co-polymer. The first step is to prepare a
graft copolymer of PDPS-co-MMA/FEMA. In a 250 mL round bot-
tom flask, 1.536 g of the PDPS solution is combined with 50g of
hexane and boiled under reflux for 45 minutes, and then flushed
with Argon. Next, 0.307g of radical initiator, azobisisobutyroni-
trile (AIBN, Sigma 441090) is added under continuous flow of Ar.
The solution is boiled under reflux for an additional hour at 70◦

C. Next, 2.5 g of the monomer solution is injected with a non-
coring syringe. The reaction boils under reflux for 12 additional
hours, after which it is allowed to cool to room temperature. The
cooled product is transferred to centrifuge tubes and centrifuged

at 10,000g for 15 minutes. The supernatant, containing the graft
co-polymer, is retained and used as a stabilizer in the dispersion
polymerization, while the sediment is discarded.

Dispersion polymerization of colloidal particles. The re-
tained supernatant is weighed and additional hexane is added, if
necessary, to obtain a total mass of 60 g. The superatant is added
to a 500 mL round-bottom flask. The flask is heated to 70◦ C un-
der reflux and continuous flow of Argon for 30 min. In a beaker,
0.08g of AIBN is dissolved in 6.87 g of monomer solution. Trace
dye (Exciton, Pyrromethene 605) is dissolved in the solution to
produce a deep cherry-red color. This solution is injected into the
round-bottom flask and heated under reflux at 70◦ C for 12 hours.
The position of the flask is adjusted relative to the heat bath so
that top surface of the reactants is ∼1 cm above the surface of
the heat bath. After 12 hours, the solution is transferred through
a Whatman #4 filter into centrifuge tubes and washed with hex-
ane. Unincorporated dye and unreacted reagents are removed by
repeated centrifugation at 500g for 15 minutes, followed by re-
placement of the supernatant with pure hexane and redispersion
of the colloidal particles. This process is repeated until the un-
incorporated dye is removed and the supernatant is transparent
and uncolored. As a final step, the hexane is replaced with non-
reactive silicone oil solution used in the gel formulation (i.e. stock
solution λ), and the colloids are re-dispersed by repeated cycles
of tumbling and bath sonication. Once the particles are dispersed,
residual hexane is removed by rotary evaporation at 50◦ C under
reduced pressure. Given the index match between the particles
and the silicone oil, the resulting solution is homogeneously pink
and transparent indicative of index matching between the silicone
oil and the particles.

4 Rheological calibration

The gelation threshold is approximately 96% liquid filler by
mass. Below this threshold, the gels exhibit a low-frequency
plateau modulus that decreases as the liquid filler percentage in-
creases as shown in Fig. 2. Even the most compliant gels pre-
pared near the gelation threshold exhibit linear elastic response
for strains in excess of 50%, as shown in Fig. 3. Pre-gel solutions
are prepared with target liquid filler fractions that are above and
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Fig. 3 Strain sweep of PDPS gels. The strain-sweep for the most com-
pliant near-critical PDPS gel, measured at frequency of f = 1 s−1, shows
linear elastic behavior for strains up-to 50%.

below this threshold, as shown in Table 2. After tumbling the
pre-gel solutions overnight, 10 µL of catalyst solution is added
to 1 gram aliquots of the pre-gel solution, corresponding to a
catalyst concentration of p = 10 µL/g, and tumbled by hand for
30 seconds. The gel solution is then loaded onto a strain con-
trolled rheometer (Ares G2) with 50 mm parallel plate. Typical
gap heights are 250-350 µm, and 25 µm trim gap. Rheologi-
cal calibration steps are: (1) curing at 25◦ C while monitoring
the gelation with small strain oscillation (1%) for 24 hours, (2)
frequency sweep from 10 rad/s to 10−3 rad/s at fixed strain am-
plitude of 2%, (3) additional curing step for 12 hours, (4) addi-
tional frequency sweep, and (5) strain sweep from 0.1% strain

to 50% at fixed frequency of 0.1 rad/s. As shown in Fig. 4, the
time of G

′
/G

′′
crossover occurs at approximately 1000 seconds,

with a full cure after 48 hours. Longer cure times with a typical
crossover time of 10,000 seconds are achievable with a catalyst
concentration of p = 7 µL/g.

The rheology tests on the two pre-gel solutions establish the
upper and lower boundaries of the shear modulus. Any target
shear modulus between these boundaries can be reached by mix-
ing these pre-gel solutions at variable mass ratios, measuring the
corresponding shear modulus, and iteratively adjust the mass ra-
tio to obtain the target shear modulus. If the target shear modulus
lies outside the boundaries, new upper and lower boundaries can
be established using the existing pre-gel solutions, and treating
pure liquid filler as the lower boundary. This is a simple pro-
cess of leapfrogging in which a new lower bound is established by
diluting one of the existing pre-gel solutions, preferably the pre-
gel solution with higher shear modulus, with liquid filler. Once
a pre-gel solution of the target shear modulus is measured, the
remaining pre-gel stock solutions are mixed to the correspond-
ing target mass ratio. Rheological calibrations are repeated on
an aliquot of this pre-gel solution with a target mass ratio. If the
modulus is unchanged, a third aliquot is prepared from which the
TFM sample can be prepared and calibrated. In our experience, if
the modulus is not reproducible or the gelation threshold occurs
at liquid filler mass fractions that are more than a few tenths of a
percent different from previous formulations, the most likely cul-
prit is insufficient mixing of the stock and pre-gel solutions. This
is especially true for the base solutions. If the sample does not gel,
the most likely culprit is degradation of the catalyst solution. Pre-
gel solutions that contain both vinyl and hydride groups, but lack
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Fig. 4 Curing kinetics of PDPS gels. The curing time series shows the viscoelastic modulus at fixed strain and frequency during the gelation process.
Every 20-th point in the curing time series is plotted with a circle for the loss modulus and diamond for the storage modulus. The crossover time,
s, is the time at which the storage modulus first exceeds the loss modulus, and is a measure of the relevant work-time of the pre-gel solution after
the addition of catalyst. It is on the order of 1000 seconds for catalyst concentration p = 10 µL/g, corresponding to the addition 10 µL of catalyst
solution per gram of pre-gel solution. A sample with liquid filler fraction of 94.7% (not plotted) was cured at lower concentration of catalyst solution,
p=7 µL/g, and showed similar curing profile but with an order of magnitude slower crossover time of s = 10.5×103 s, as shown in the table.

catalyst remain liquid for a month suggesting an absence of gela-
tion. These pre-gel solutions can be used in subsequent dilution
to achieve a lower modulus, followed by a rheological calibration
of the diluted pre-gel solution.

5 Surface functionalization
The surfaces of the ultrasoft gels can be functionalized through
a liquid deposition using solvents that are immiscible with the
liquid filler. We have tested a deposition of poly-electrolyte mul-
tilayer, consisting of alternating layers of poly-styrene-sulfonate
(PSS) and poly-diallydimethylammonium chloride (PDAC). 20
mM solutions of polyelectrolyte was prepared in formamide and
syringe filtered. The layers were formed by sequential adsorption
of the polyelectrolyte solution, followed by a 20 minute soaking
period, and several washes of water. The surfaces showed similar
adsorbing and non-adbsorbing behavior to glass surfaces treated.

6 Results and conclusion
The procedure outlined above was used to produce a series of

gels with a low frequency plateau storage modulus between 50
Pa and 5 Pa as shown in Fig. 2. For catalyst concentrations of
p = 10 µL/g, the gels fully cure at room temperature in 36 hours.
We observe no change in the frequency-dependent moduli after
2-3 day of additional curing. After 1 month of storage, the gels
retain their clarity and ultra-soft compliance as they are visibly de-
formed under their own weight for G < 5 Pa. The gels behave as
true elastic solids at low frequency (G

′
/G

′′
> 50 for f < 10−3 s−1)

similar to that of commercial PDMS elastomers. Interestingly, the
frequency-dependent loss modulus has a ∼ 2/3 power law de-

pendence, consistent with experimental studies on near-critical
PDMS gels prepared with high molecular weight pre-polymers
and liquid filler,18 and theoretical predictions.24–26 The strain
sweeps, conducted at frequency of f = 1 s−1 show no variation in
modulus up to strains of at least 50% as shown in Fig. 3. Based
on these calibration results, a 5 Pa gel fabricated to 100 µm thick-
ness can be used to measure stress over at least three decades:
from 2.5 mPa to more than 2500 mPa based on the estimates of
stress resolution with single-particle locating.

To demonstrate the optical quality attainable with these gels
over commercial silicone gels, we created 145 µm thin layer of
the PDPS gel and sedimented onto it a colloid dispersion of 1.6
µm diameter particles dispersed in formamide. Using a 63x glyc-
erol immersion objective and spinning disk confocal (Andor W1)
we see minimal signal loss even at depths of 150 µm as shown
in Figure 5. By contrast, when a similar sample is prepared using
commercial PDMS (Dow Corning, Sylgaard 184) as the substrate,
the fluorescence intensity at the top surface of the elastic sub-
strate is reduced threefold. Furthermore, there is deterioration
in lateral and axial resolution at all heights in the sample above
the gel. For these tests, the gels were prepared without tracers in
order to rule out possible scattering from a dispersed phase. The
loss in signal and spatial resolution is expected due to spherical
aberrations caused by the refractive index mismatch between the
commercial PDMS and the glycerol immersion fluid. These dele-
terious optical effects would be exacerbated with either water or
oil immersion objectives, as these objectives have even larger re-
fractive index mismatches.7,8,15
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Fig. 5 Comparison of images of colloidal particles imaged through PDMS
and PDPS substrates. To assess image quality, two substrates of PDMS
and PDPS gels of thickness 145 µm are prepared and a colloidal crys-
tal is deposited onto each substrate. The PDMS formulation (bottom
row, Sylgaard 184) has refractive index of nD = 1.4, while the PDPS
gel presented in this work (top row), has refractive index of nD = 1.45.
The crystals are formed from an identical batch of particles and imaged
under identical microscope parameters. Due to the refractive index mis-
match between PDMS substrate and the glycerol immersion objective,
the signal intensity measured through the center of the colloidal particle
is degraded threefold (bottom row and orange curve) relative to the in-
tensity achieved when imaging through PDPS substrates formulated to
match the refractive index of the glycerol immersion medium (top row
and blue curve).

In conclusion we present a formulation of near-critical poly-
mer gels, and synthesis of tracer particles for use in traction force
microscopy applications. The tunable refractive index allows ad-
justment of the optical properties of the gel to minimize optical
aberrations when scanning through the thickness of the gel. The
combination of an independently tunable refractive index and
compliant moduli will enable new applications of TFM with thick,
compliant substrates, with single mPa stress resolution.
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