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SI Text
Error and Uncertainty Analysis. The uncertainties in measured quan-
tities, δ, are

transmitted force δF =

8<
:

5× 10−3 N 1000 g−F transducer
5× 10−4 N 100 g−F transducer
5× 10−5 N 10 g−F transducer

;

specimen diameter δD = 2 μm;

specimen cross-sectional area δAo =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδDÞ2ðπDÞ2

q
;

specimen length δlo = 2 μm;

specimen change in length δΔl = 10× 10−4 × lo;

unfilled capillary mass δmunfilled = 2 μg;

filled capillary mass δmfilled = 2 μg;

micropillar length in capillary δL = 10 μm:

We assume an uncorrelated propagation of error. The uncer-
tainties in the reported quantities hϕi, σmax, and Eload are given by

hϕi=
�
mfilled −mempty

��
ρPS

πðD=2Þ2L ;

σmax =
F
Ao

;

δσmax =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδFmaxÞ2

�
1
A0

�2

+ ðδAoÞ2
 
−Fmax

A2
0

!2
vuut ;

Eload ∝
Flo
AoΔl

;

δEload =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðδFÞ2

�
lo

AoΔl

�2
+ ðδlo Þ2

�
F

AoΔl

�2
+ ðδAo Þ2

 
−Flo
A2
oΔl

!2

+ ðδΔlÞ2
�

−Flo
AoΔl2

�2vuut :

For the linear fit of σmax = βEload, we report the 95% CI for the
regression analysis.

Effects of Dissipation in Stiffness Determination. Prior work (1) has
shown that the micropillars are quite dissipative even at small
strains. We define an efficiency, η, which is the ratio of work
done by the pillar on loading to the work done on the pillar
during loading

η=
Wunload

Wload
=
Eunloade

2
elastic

Eloade
2
total

;

with etotal = eelastic + eplastic. By construction, η= eelastic
etotal

, so rearrang-
ing yields

Eload = ηEunload:

Assuming η= 50%, we underestimate the elastic component of
stiffness (EunloadÞ by a factor of 2, i.e., 2Eload =Eunload. Because
the transformation strain magnitude, ep, is inversely proportional
to E (γTo ∝ 1=E; Eq. 4), we overestimate the transformation strain
by a factor of 2 by using Eload in the energy analysis. Therefore,
our reported value for γTo should be considered an upper bound.
In previous experiments, we quantified the dissipation in a

specimen when compressed to small strains as a function of RH.
Briefly, we found a strong dependence of η on RH with a signifi-
cant decrease in η—equivalently, an increase in dissipation—for
RH above ∼ 40%. An example of an experimental compression
cycle at RH = 50% is shown in Fig. S3.

Gibbs Free Energy of an Inclusion in an Elastic Matrix. For com-
pleteness, we reproduce the derivation by Mura (2) of the change
in the Gibbs free energy, G, of an inclusion in an elastic matrix
with an applied traction. Define

eij =
1
2

�
∂ui
∂xj

+
∂uj
∂xi

�
≡ total strain;

epij ≡ eigenstrain or transformation strain;

eij ≡ elastic strain;

σij =Cijklekl ≡ stress:

The elastic strain energy of a body subjected to an applied traction
σ∞ij and an internal stress due to an inclusion σij is given by

W p =
1
2

Z
V

�
σ∞ij + σij

��
e∞ij + eij − epij

�
dV with σ∞ij =Cijkle

∞
ij :

Equilibrium ensures that σij; j = 0 and σijnj = 0 at the surface S. In-
tegration by parts givesZ

V

σij
�
e∞ij + eij

�
dV =

Z
V

σij
�
u∞i; j + ui; j

�
dV ;

= σij
�
u∞ij + uij

���
V=S

−
Z
V

σij; j
�
u∞ij + uij

�
dV = 0:

Similarly, σ∞ij; j = 0. Because e∞ij = e∞ij and eij = eij − epij and using the
symmetry Cijkl =Cklij

δhϕi =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
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�2 1
ρps AoL
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+
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δmempty
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Z
V

σ∞ij
�
eij − epij

�
dV =

Z
V

Cijklu∞k;l
�
ui; j − epij

�
dV =

Z
V

u∞k;lCklijeij dV ;

=
Z
V

u∞k;lσkl dV = uklσkl

�����
V=S

−
Z
V

u∞kl σkl;l dV = 0:

So

W p =−
1
2

Z
V

σije
p
ijdV +

1
2

Z
V

σ∞ij e
∞
ij dV :

The total potential energy is given by

G=W p −
Z
S

F∞
i

�
ui + u∞i

�
dS;

where the second term is the work done at the boundary by the
applied traction, and F∞

i = σ∞ij nj. Without any inclusions (epij = 0),
G=Go

Go =
1
2

Z
V

σ∞ij e
∞
ij dV −

Z
S

F∞
i u∞ij dS:

Without any applied tractions (σ∞ij = 0), G=G1

G1 =−
1
2

Z
V

σije
p
ijdV :

The interaction between the strain field generated by the inclu-
sions and the applied traction is

ΔG=G−Go −G1 =−
Z
S

σ∞ij uinjdS=−
Z
V

σ∞ij ui; jdV

=−
Z
V

σ∞ij
�
ui; j − epij

�
dV −

Z
V

σ∞ij e
p
ijdV =−

Z
V

σ∞ij e
p
ijdV :

by Gauss’s theorem and the fact that
R
V
σ∞ij ðui;j − epijÞdV = 0 (see

above). Therefore, with spatially homogeneous stress and
strain fields

ΔG= −
Z
V

σ∞ij e
p
ijdV =−σ∞ij e

p
ij:

For the case where the body is under an applied traction and
inclusions are introduced, the change in free energy is given by

ΔG=G−Go =ΔG+G1 =−
1
2
σije

p
ij − σ∞ij e

p
ij;

which is Eq. 1.

Derivation of the Stress Field for a Prescribed Transformation Strain.
The tensorial infinitesimal strain, eij, is given by

eij =
1
2

�
∂ui
∂xj

+
∂uj
∂xi

�
=

0
@ e11 e12 e13

e12 e22 e23
e13 e23 e33

1
A=

0
BBBBB@

e11
γ12
2

γ13
2

γ12
2

e22
γ23
2

γ13
2

γ23
2

e33

1
CCCCCA:

Define the stiffness tensor, Cijkl, for an isotropic homogeneous
solid as

Cijkl =
Eν

ð1+ νÞð1− 2νÞ δijδkl +
E

2ð1+ νÞ
�
δikδjl + δilδjk

�
;

and the constitutive relation

σij =Cijklekl;

where ekl is now the elastic component of the strain. Argon and
Shi (3) use Eshelby’s tensor for a spherical inclusion, given by

Sijkl =
5ν− 1
15ð1− νÞ δijδkl +

4− 5ν
15ð1− νÞ

�
δikδjl + δilδjk

�
:

To relate the confined strain, eCij , to the transformation strain, eTij ,
of the inclusion

ecij = SijkleTkl:

The authors assume two components of eTkl

eTkl =
eTo
3

0
@ 1 0 0

0 1 0
0 0 1

1
A+

γTo
2

0
@ 0 1 0

1 0 0
0 0 0

1
A;

where the first term accounts for dilatation and the second for
a pure shear. The stress inside the inclusion, σIij, is given by

σIij =Cijkl
�
Sklmne

T
mn − eTkl

�
:

The elastic energy in both the inclusion and matrix is given as

Eelastic =−
1
2

Z
Ωf

σIije
T
ij dV :

For the case of a spherical inclusion, in which σIij and eTij are
constants, this expression becomes

Eelastic = −
1
2
σIije

T
ijΩf :

Considering only the dilatational component of eTkl and using the
relationship E= 2μð1+ νÞ

σIij =
2EeTo

9ðν− 1Þ

0
B@

1 0 0
0 1 0
0 0 1

1
CA and Eelastic =

E
9ð1− νÞ

�
eTo
�2

=
2μð1+ νÞ
9ð1− νÞ

�
eTo
�2
;

which is the same as the second term of equation 7 in ref. 3. Now,
considering only the shear component of eTkl yields

σIij =
EγTo ð7− 5νÞ
30ðν2 − 1Þ

0
B@

0 1 0
1 0 0
0 0 0

1
CA and

Eelastic =
Eð7− 5νÞ
60ð1− ν2Þ

�
γTo
�2

=
μð7− 5νÞ
30ð1− νÞ

�
eTo
�2
;

which is the same as the first term of equation 7 in ref. 3. In the
presence of an applied far-field stress, the change in Gibb’s free
energy becomes (see previous section)
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ΔG= −
1
2
σ I
ije

T
ijΩf − σ∞ij eijΩf :

For uniaxial compression and our assumed orientation of the in-
clusion, the applied stress is

σij =
σ

2

0
@−1 1 0

1 −1 0
0 0 0

1
A:

Therefore, the change in free energy is

ΔG=
E

ν2 − 1

	
ν+ 1
9
�
eTo
�2

+
7− 5ν
60

�
γTo
�2
− σ

�
2eTo − 3γTo

�
6

:

Argon and Shi define the transformation dilatancy as

β=
eco
γco

=
45ð1− νÞ2eTo

2ð1+ νÞð4− 5νÞγTo
:

From measurements on an amorphous bubble raft, the authors
estimate β≈ 1 (3). Therefore

eTo = γTo
2ð1+ νÞð4− 5νÞ

45ð1− νÞ2 ;

with this relationship

ΔG=
ΩE
ν2 − 1

(
ν+ 1
9

"
2ð1+ νÞð4− 5νÞ

45ð1− νÞ2 γTo

#2
+
7− 5ν
60

�
γTo
�2)

+
ΩσγTo
2

−
ΩσγTo
3

2ð1+ νÞð4− 5νÞ
45ð1− νÞ2 :

Setting ΔG= 0 and rearranging yields

σ

E
=
γTo
�
5;675ν5−33;365ν4+70;934ν3−74;578ν2+39;967ν−8;761

�
270ðν− 1Þ3ð155ν3 − 111ν2 − 147ν+ 119Þ

≡ γTo θðνÞ:

1. Strickland DJ, et al. (2014) Synthesis and mechanical response of disordered colloidal
micropillars. Phys Chem Chem Phys 16(22):10274–10285.

2. Mura T (1987) Micromechanics of Defects in Solids (Springer, Berlin), Vol 3.

3. Argon AS, Shi L (1983) Development of visco-plastic deformation in metallic glasses.
Acta Metall 31(4):499–507.

500 μm

500 μm

(a)

(b)

Fig. S1. Laser-scanning confocal micrographs of deformed micropillar specimens. (A) A specimen with ϕ=0:559 compressed at RH= 60%. Failure results from
the development of a shear band that propagates from the specimen/punch interface to the specimen surface. (B) A specimen with ϕ= 0:687 compressed at
RH= 50%. The darker region outlined by the dashed red line has been sheared out of plane.
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Fig. S2. Idealized compressive response showing loading and unloading moduli.

Fig. S3. Experimental compressive response of a colloidal micropillar at 50% RH. The stiffness on unloading is larger than the measured stiffness on loading.

Fig. S4. A comparison of the shear component of the transformation strain, γTo , for colloidal micropillars, glassy polymers, and metallic glasses (see Table S1 for
values and references). Atlhough the elastic moduli of the materials span five orders of magnitude, the kinematics of the proposed plastic event remain
remarkably similar.
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