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1. Theoretical pillar profile
To derive an analytic expression for the expected pillar profile, we assume that (i) the pillar

consists of a linear elastic material, characterized by its Young’s modulus E, and (ii) the largest
contribution to the torque on the pillar stems from forces acting on its tip. The second assump-
tion is justified by observation that the spanning network is predominantly attached at the top
of the pillar (Extended Data Fig. 3e). We thus approximate the force applied by the actomyosin
gel on the pillar by a point force F, at the tip of the pillar. Since the pillar length (15 um) is
much larger than the pillar width (2 pm), we assume the pillar to be thin compared to its length
and the deflection to be small enough such that we can neglect higher-order derivatives of the
displacement x with respect to the height z, its shape is described by the following differential
equation':

d?x(z) B 4F,
dz? — Emr*

(L—-2) (ST)

Here, L and r denote the total length and radius of the pillar, respectively. Integrating this equa-
tion twice and assuming a fixed boundary at z = 0, such that x(0) = 0 and x'(0) = 0, yields

the pillar profile
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Here, the force F, is the only free parameter, while the Young’s modulus E is measured exper-

imentally (Extended Data Fig. 2) and the pillar dimensions L and r are controlled in the print-
ing process. We therefore perform a one-parameter fit of Eq. (S2) to the experimental pillar

profiles, as shown in Fig. 2f.



From Eq. (S2), the displacement of the tip of a pillar is given by

Ax = x(L) =22 F (S3)

3Emnr4 P’

which is equivalent to a stretched spring with an effective spring constant k, = 3Emr*/(4L?).

2. Estimation of the number of force-generating myosin filaments
Based on the force measurements that we obtain from fitting Eq. (S3) to the measured pillar

profiles, we can estimate the number of myosin filaments that effectively contribute to the pillar
deflections and compare it to the total number of myosin filaments in the system. To relate the
myosin filament force to the pillar deflection forces, we calculate the active stress at the edge
of the gel that would be generated by Ny myosin filaments and then relate this to the force per
pillar. For this we assume that the actomyosin gel has a disc like geometry (see discussion in
Section 3.2 and Supplementary Figure 4).

The active stress o generated by a density py of individual myosin filaments of size I, each
generating a force Fy, is given by

o = pmFulu. (S4)

The density of myosin filaments can be expressed through the number of myosin filaments Ny

and the dimensions of the gel (ring radius D and gel height h) as

Nm

mn(3)” (5

Pum =

The pillars are spaced by a distance d. To relate the stress in Eq. (S4) to the force per pillar,

we assume that the stress over a region of size d focuses on a pillar, which yields the following

expression for the force per pillar:

Ny Fulm
ND

Here, N denotes the number of pillars. The expression in Eq. (S6) allows us to estimate the

F, = ohd = 4 (S6)

number of force-generating myosin filaments from the measured pillar forces and the geometry
of the pillar rings.

A single skeletal muscle myosin II filament can generate forces in the range 20 — 60 pN.*®
For aring of diameter D = 15 pum with N = 10 pillars, myosin filaments of length 0.6 pm and
a measured force per pillar of about 130 pN, we thus get an estimate of a 100 — 400 motor
filaments that effectively contribute to the pillar force compared to the total number around
8 x 102 myosin filaments in the system as estimated based on measurements of the fluores-

cence intensity (Supplementary Figure 1).



3. 1D contractility model

To obtain a better understanding of how the motor-induced contractility of the network leads
to the observed acceleration effect during the contraction (Fig. 2i), we employ a simple one-
dimensional model, to which we can couple the load-dependent myosin binding and unbinding
dynamics. This model represents the elastic components of the system, such as the pillars and
the elastic response of the network as effective linear springs, while the viscous behavior of
the system is represented by a viscous dashpot. The motor activity is then represented by a

contractile force applied to the frame.

In general, actomyosin networks can be described as active viscoelastic gels”®, but the extent
to which the elastic response of the network plays a role depends on the timescale on which
the system is observed and experimental factors such as cross-linking. Since the actomyosin
network is coupled to elastic frames in our experimental setup, the elastic response of the net-
work will only significantly affect the contraction behavior if the effective spring constant of

the network is similar in magnitude or larger than the stiffness of the pillars.

To identify which aspects of the viscoelastic actomyosin gel need to be included in our theo-
retical description, we first consider the final contraction force as a function of the pillar stift-
ness in Section 3.1. This analysis reveals that the elastic response of the network can be ne-
glected and we thus proceed with a purely viscous description of the actomyosin gel. We for-
mulate the basic model in Section 3.2 and connect the effective friction coefficient of the dash-
pot to the rheological properties and the dimensions of the actomyosin gel. We then study
different contributions to the time dependence of the contractile force. In Section 3.3, we in-
clude the density dependence of the actomyosin contractility in our model and show that this
alone is not sufficient to capture the observed contraction behavior. We then refine the model
by accounting for the myosin load-dependent binding and unbinding dynamics of myosin fila-
ments in Section 3.4, which yields a simple predictive model for contractile actomyosin net-

works in soft frames.

3.1 Significance of the elastic response of the network

When analyzing the final contracted state, the viscous response of the network does not have
to be accounted for. Hence, only the elastic response of the actomyosin gel contributes. We
characterize the elastic response of the network by an effective spring constant k,,,. Due to the
symmetric configuration of our experimental setup, the system can be described by a 1D model

with a spring, representing the elastic response of the actomyosin gel, which is attached to two



springs of zero rest length, representing the pillars. This is justified by the discussion in Section
1, where we have seen that the tip displacement of a bending pillar is equivalent to a stretching
spring with an effective spring constant kj, (Supplementary Figure 4). Finally, the myosin ac-
tivity induces an active stress in the system, which leads to a contractile active force F, acting
on each of the pillars. Thus, the gel’s activity leads to a stretching of the two pillar springs by
Ax (Fig. 2a and S4). Note that, due to the symmetry of the system, this corresponds to a defor-
mation of the actomyosin spring by 2Ax. At mechanical equilibrium, this model yields the
following force balance equation:

2k Ax = —2k o Ax + 2F). (S7)

Solving this equation for Ax leads to

Fp

Ax = (S8)

kp+kam

which was found previously®!!. From Eq. (S8), we would expect a dependence of the final

Fp
P kp+kam

contraction force F, = k exerted on the pillars, on the pillar stiffness kp, if kypy, 18

larger or of a similar order of magnitude as k;, (Supplementary Figure 5a), as e.g. observed for
living cells®. Furthermore, we would also expect a stiffness dependence if the active force Fy
itself depends on the pillar stiffness. This case is discussed in Section 3.3. Notably, we could
not observe such a dependence in our experiments, but instead measured an approximately
constant force of 0.13+0.02 nN/pillar (Fig. 2g). The robustness of the final contraction force in
the pillar stiffness is captured by this simple model, if the effective spring constant of the net-

work k,n, is negligible compared to the spring constant of the pillars kj, over the entire exper-
imentally considered range. In this 1D model, we expect k,,~ GaN—mh, where N is the number of

pillars and the numerical prefactor depends on the Poisson’s ratio of the gel, which we do not
know. In our case h is around 4 — 5 pm, N = 10, and we expect G, to be of order a few Pa
on the timescale of the contraction'?. Based on these numbers we do indeed expect k,p, < kp.
Thus, we will proceed by modelling the actomyosin gel as a viscous fluid and neglects its

elastic properties.

3.2 A dynamical model for contractile actomyosin in soft frames

Next, we construct a dynamic model for the contractile actomyosin gels in soft frames. To do
this, we have to account for viscous contributions. To do so, we use the same geometry as in
Section 3.1, but represent the viscous response of the actomyosin gel by a dashpot with an

effective friction coefficient y,,, (Supplementary Figure 4).



The friction coefficient can be estimated from the 3D geometry of the contractile network,
which allows us to relate the effective friction coefficient y,,, of the dashpot to the dimensions
and the rheological properties of the actomyosin network. Specifically, we approximate the
actomyosin gel as a cylindrical linear elastic medium of radius R and height h (Supplementary
Figure 4). The height of the gel was estimated from light microscopy images (Supplementary
Figure 3), which showed that the gel attached approximately to the upper 30% of the pillars.

Based on this geometry we then derived an expression for the effective friction coefficient y,p,.

To support our chosen geometry for modelling the contractile gel, we analyzed which part of
the network drives the observed isotropic contractions in the experiment. For this, we investi-
gated the experimental dynamics of contracting rings of different diameters D. First, we kept
the number of pillars fixed (Fig. 2d and Extended Data Fig. Sc, left). In this case, we observed
that the isotropic contraction failed above a threshold for the ring diameter. This is accompa-
nied by the appearance of disconnected regions and holes in the actin network. When varying
the ring diameter while keeping the number of pillars fixed, this affected both the center and
the periphery of the spanning actin network. To discriminate which part of the network is es-
sential for an isotropic contraction, we disentangle the two effects by adjusting the number of
pillars with the ring diameter, such that the distance between neighboring pillars d remains
constant (Fig. 2d and Extended Data Fig. 5c, right). Changing the ring size thus only affects
the center of the spanning network and not its periphery near the pillars. We observe again a
breakdown of the isotropic contraction above a threshold value for the ring diameter together
with the appearance of holes in the spanning actin network. These results indicate that the
spanning network in the middle of the pillar ring drives the contraction of the system. We

therefore focus on that part of the system for our theoretical modelling.

Based on the approximation of the actomyosin gel as a cylindrical linear continuous medium,
we next derive a relation between the pillar force F, and the velocity of the fluid’s outer surface.
This then allows us to model the network’s passive response as a simple one-dimensional dash-
pot with an effective friction coefficient y,,. To derive y,,, we first consider the viscous stress

tensor!>:
’ . 1 . .
0ty = 21 (itap — 3 Sugly,) + {80pity, (S9)

Here, n denotes the shear viscosity, { is the volume viscosity, and the dots denote a temporal
derivative. In the absence of external forces and neglecting inertial effects , we then obtain the

following differential equation for the strain rate 14 in an isotropic viscous fluid":



o=(n+§()V(V-u)—(Vx(V><u). (S10)

Since the load w is applied radially, 2, and all angular derivatives vanish. Additionally, we

assume that the fluid remains in a perfectly cylindrical shape. Hence, d,1,- and 0,11, vanish.

We can thus simplify this expression to
0=(n+§€) v(V - ). (S11)

Writing Eq. (S11) explicitly for the different non-zero components in cylindrical coordinates

yields
1 a(ruy)
r odr

0=a, [ . 0=0%, (S12)

We place the center of the coordinate system in the center of the cylinder. Hence, we know that
the velocity at the origin has to vanish due to symmetry, providing the following two boundary
conditions: @, (r = 0) = 0 and ©t,(z = 0) = 0. Integrating the two equations (Eq. (S12)) with
these boundary conditions gives the following velocity field:
u,.(r) = a,r, (S13)
u,(z) = a,z (S14)
To fix the remaining two integration constants a,- and a,, we consider the stress in the system.

We can relate the components of the velocity field to the viscous stress tensor via the constitu-

tive relation:
2
0'ap =1 (Oatly + Ot — 5 Bapdytly ) + CBapdyity (S15)

Here, 6,5 denotes the Kronecker delta and repeated indices are summed over. The non-zero

components are thus given by
ot =224 ¢)a, +(¢=2n)a, (S16)
Ope (1) =2(g+()ar+((—§n)az, (S17)

05 () =2(¢—=2n)a, + (¢ +3n) az (S18)

To derive this, we used that u,.(r = 0) = 0 and 1,(z = 0) = 0 due to symmetry. We model
the forces applied to the network by the pillars by a continuous load w = NF,/A on the gel's
outer surface A = 2mRh (Supplementary Figure 4), where N denotes the number of pillars per
ring. By using these boundary conditions (g7-(r = R) = w = NE,/A and 0,,(z = +h/2) =

0), we can derive the expression for F,(t):
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E(t) = u,(r =R). (S19)

Note that this expression can be mapped onto the expression one would obtain for an incom-
pressible fluid with an effective viscosity ¢ = 6n/(1 + 41/(3¢)). We can then simplify this

expression to

et 84, (1), (S20)

Fp(t) = nam NR P

Here, 1., denotes the viscosity of the actomyosin gel, v, = d(Ax)/dt is the velocity of the

tip of the pillars. This allows us to define an effective friction coefficient y,, as

— jeff 04 _ 12
am NR N

Yam o Th, (821)

where we used A = 2mRh.

Using this expression for the effective friction coefficient of the actomyosin network, the force

balance condition reads:

dAx

2kpAx = 2Fy = 2Yam oo (S22)
Using F,(t) = kyAx, this can be rewritten as®
AFp® | O _ Fa (S23)

dt T T’

where T = Y, /k,. For a constant value of F, and an initial force F,(t = 0) = 0, the solution
of Eq. (S23) is given by
Fy(t) = Fo(1 — e7¥/7), (S24)

implying the following expressions for the displacement Ax and the pillar velocity v,:

F =-t/T
Ax() =2 (1~ ) (S25)
and v (t) = ,fTA et/ (S26)

Importantly, however, these predictions quantitatively and qualitatively fail to capture the ex-
perimental data (Fig. 2i): Eq. (S25) does not have an inflection point and the velocity in Eq.
(S26) correspondingly exhibits no peak at t > 0 (Supplementary Figure 5b). This implies that
the active force F, cannot be assumed to be constant in this model, but instead needs to increase
over the course of the contraction. To account for this, we consider two possible contributions:
a density-dependence of the contractility (Section 3.3), and the binding dynamics of the myosin

motors (Section 3.4).



3.3 The density dependence of the active contractility

The first effect that could introduce a time dependence of the contractility of the network is the
change in network density throughout the contraction process!*!6. To generate a contractile
force, a myosin filament has to connect two distinct actin filaments. The probability that a
bound motor will indeed be in such a contractile configuration grows with increasing network
density due to the increased number of possible binding sites within reach of the motor. Hence,
for lower densities, we expect the active force generated by the actomyosin gel onto the pillars
to scale linearly with the actin density and the number of bound myosin filaments. At high
densities, steric interactions will counteract the contractile force, to leading order yielding a
term that scales quadratically with the actin density. In total, this gives us the following expres-

sion for the active force as a function of the actin density!¢:
FA(t) = XNupo () (pa"™* = pa (1)) (827)

Here, y is a phenomenological coupling parameter, Ny is the number of bound myosin fila-
ments and pg'?* is the maximal possible density that the gel can reach. While it is known that
cortex thickness correlates with cortex contractility in vivo!’, due to the large areal changes of
the considered network in the x-y-plane, for simplicity we considered only the increase in actin
density from the in-plane contraction of the network. Furthermore, we neglect the effect of
filament alignment. This is justified by the fact that we apply this model to crosslinked net-

works, in which the effects of motor induced fiber alignment are reduced in comparison to non-

crosslinked networks!®.

Inserting the density dependent active force (Eq. (S27)) into Equation (S23) yields

ar,(t) K@) x
+ -
dt T T

NMpa (t) (pcrlnax ~ Pa (t)) (828)

Note that the central aspect of the density dependence of the active force is its non-monotonic
dependence on p, . This can also be achieved through a different scaling than the one used
here. However, we find that our conclusions do not qualitatively depend on the exact scaling

of the active force.

Solving Equation (S28) can indeed reproduce the acceleration in the contraction (Supplemen-
tary Figure 6a). However, this model lacks predictive power. We demonstrate this by fitting
the model to the displacement curve at a single pillar stiffness (k, = 35 pN/pm) that is shown
in Supplementary Figure 6a and then try to predict the final contraction force at different pillar
stiffnesses. In contrast to the experimental data, this model predicts a strong stiffness depend-

ence of the final force (Fig. 2g, dashed line). Also, the acceleration can only be observed for a



very limited range of pillar stiffnesses (below k, = 60 pN/um). At higher stiffnesses we find

a monotonic decrease in velocity (Supplementary Figure 6b) reminiscent of the model with a
constant active force (Supplementary Figure 5b). We thus conclude that the density depend-

ence of the active force alone is not sufficient to explain the observed contraction behavior.

3.4 The myosin binding and unbinding dynamics

Another important aspect that we should include into our contractility model is the binding and
unbinding of myosin filaments. The filaments can constantly bind to and unbind from the net-
work. In the beginning of the experiment, myosin filaments are in solution and first have to
bind to the network to generate contractile forces. Since the active force in Eq. (S27) is assumed
to be proportional to the number of bound myosin filaments, the myosin binding kinetics will

directly contribute to the time dependence of the network contractility.

To account for this, we extend the model by an equation describing the dynamics of bound

myosin filaments:
dNw(t)
dt

= kon [Nl{/[naX - NM(t)] - koff(t)NM(t)' (829)

Here, k,,, and k¢ denote the binding and unbinding rates of myosin filaments, which are de-
termined by the binding and unbinding rates k¢3¢ and kf}ffad of the individual heads, Ny is
the number of bound myosin filaments and Ny ®* denotes the maximal number of myosin fil-

aments that can contribute to the contraction.

Crucially, the bond lifetime of myosin heads depends on the mechanical load that they experi-
ence. In particular, myosin forms so-called catch-slip-bonds with actin!®, meaning that the bond
lifetime initially increases with load before it decreases at higher loads. We model this by sim-
plifying the complex myosin binding and unbinding cycle (Supplementary Figure 7a) to a sim-
ple binding and unbinding cycle (S7b) with a load-independent binding rate and a load-de-
pendent unbinding rate (Supplementary Figure 7c). For the load-dependent unbinding rate, we
use the following phenomenological expression for the unbinding rate of myosin heads as a

function of the load per head F,:"

FpXcatch FpXslip

KBERI(R) = kihe Rl 4 kSgPe T (830)

The longer lifetime of the individual heads under load also translates to a longer lifetime of the

motor filament as a whole, which then is also expected to effectively behaves as a catch-slip-

10



bond. This introduces a coupling between the number of bound motor filaments and the stresses

that are generated in the system.

To account for this coupling, we start by connecting the binding and unbinding rates of indi-
vidual myosin heads to the unbinding rates of motor filaments as a cluster of parallel bonds,
over which the motor load is distributed equally. The lifetime of individual bonds is assumed
to be independent of the state of neighboring heads. The dynamics of the number of bound

heads is then equivalent to a biased one-dimensional random walk with forward rate k224 and

a load-dependent backward rate k2§24(F;,). A motor filament unbinds in this model when the

number of bound heads is zero. This allows us to derive the average unbinding time of a motor
filament with initially m bound heads as the mean first passage time 7, o of a random walker
starting at site m to reach site 0. The average unbinding time of a motor with m bound heads

is thus given by?%2!

m Np i—-1
(Np — kb5
= 2. Ty (s31)
Lo L x kb (FM/l) Ly kbR

off off

where Fy; denotes the load that a myosin filament experiences in total and N; denotes the num-
ber of heads per myosin filament that interact with an actin filament. Since we assume that
every motor filament feels the same average load, we average over all initial conditions to
obtain the average unbinding time at every point in time. To do so, we use the steady-state
probability distribution p; (Fy ), which denotes the probability for a motor under load Fyy; to be
bound with i heads to an actin filament. Since the myosin heads are stiff compared to the rest
of the system (motor elasticity of about 2.5 X 103 pN/um'® compared to a typical pillar stiff-
ness of about 100pN/um), this steady state should be reached fast compared to the other time-
scales in the system and this approximation should be justified for our purposes. The steady-
state probability distribution is given by?’:

(N — n)kgs

| b head
(n+1) xk)F9(Fy/(n+ 1))
p; (Fu) = TR T (832)
1+ Z k-1 (Nh ])kon
TG 4D X ko (Fu /G + 1)
Finally, the myosin filament unbinding rate is
-1
Katt(Fu(0) = | D D (Fu ()T o5 (P (6)) (33)
m=1
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To complete the model, we need to connect the load on the myosin filaments Fy; to the force
that is exerted onto the pillars. We do this by assuming that the force, generated by the deflected
pillars is distributed over all myosin filaments that contribute to the active contraction. Thus,

we take a mean-field approach and assume that every motor feels a load

Fy = af, (S34)

Here, we introduced a phenomenological proportionality constant a. Our contractility model

is then defined by the two coupled differential equations:
dF,(t) N E, (1) _x
dt T T

T — R TN — Mg (] — Kot () M (), (530)

Ny (£)po () (053 — pa (1)) (S35)

Where k¢ is defined by Equations (S30) — (S33). The parameters related to the (un-)binding
dynamics of individual myosin heads klgad, fcatch, k(s)ififp such as Xcatch and xg);, have been ex-
perimentally determined. All of these parameter values can be fixed from the literature at
roughly physiological conditions (Supplementary Table 1). This leaves us with seven fit pa-
rameters Ny, a, Ny 2%, p@*, kon, ¥ and ¥,n,. These parameters were fixed by fitting the model

to a single contraction curve at k, = 35 pN/um (Fig. 2i).

To check that the fitted parameter values take physically reasonable values, we estimate the
load that a typical myosin filament will experience in the network in the final contracted state.
The final force reached in the contraction in Fig. 2i is 130 pN. From Eq. (S34) and with a =
0.4 (Supplementary Table 1) we can thus estimate the load that a typical myosin filament will
experience a load of about 50 pN after the contraction reached its steady state. This is in agree-
ment with the forces that individual myosin filaments can produce (see Section 2)°®, demon-
strating that the filament loads are within the expected force range for the chosen set of param-
eter values. Furthermore, the fitted value for the number of heads N, = 28 agrees well with
the estimated number of about 30 heads per myosin filament that can interact with an actin

filament?.

To test the predictive power of our contractility model with fully constrained parameters, we
used it to predict the stiffness dependence of the contraction in the pillar ring assay. First, we
calculated the final contraction force as a function of k. Our model correctly predicts the low
sensitivity of the final force to the pillar stiffness over a wide range, as shown in Fig. 2g (Solid

line). Subsequently, we used our model to make predictions for the dynamical properties of the

12



contraction. In particular, we calculated the maximal velocity that was reached during the con-
traction. In contrast to the final force, here we observed a strong dependence on the pillar stift-
ness, which agrees with the experimental observations (Fig. 2j). When accounting for the dis-
creteness of the experimental data in our velocity calculation, we obtain a good quantitative
agreement between theoretical prediction and experimental measurements. While for the
steady state, the density dependent effects seem to only have a small impact, we find that the
density dependence is essential in our model to understand stiffness dependence of the con-
traction velocity. This is the case since motor filament binding kinetics only couple to the pillar
force but not to their displacement and thus not to the pillar stiffness. The density dependence
of the contractility in contrast couples the contractility also to the pillar stiffness. We thus con-
clude that accounting for both the density dependence of the contractility and the (un-)binding
dynamics of the myosin filaments is essential for the understanding of the contraction behavior

of the fabricated structures.

3.5 Performed work and power generation

We can use our contractility model to estimate the produced work and power during the con-
traction of our pillar ring assay. Part of the work performed goes into the elastic deformation
of the pillar frames and part of the work is dissipated. The dissipated work Wy;s in the model,
however, only accounts for viscous dissipation and does not account for effects of the motors
that cannot contribute to the overall contraction. It can thus only serve as a lower bound for the

total amount of dissipated energy.

If the pillars are deflected by Ax¢ in the final contracted state, the total work is given by:

AXf AXf

kpAx dAx + Nf 2YamVpdAx (S37)

Wtot = Wtrans + Wdis = Nf
0

0

Here, the number of pillars N accounts for the fact that our model is one dimensional. Note
that the additional factor of two in the expression for Wy is a consequence of the geometry,
which implies that the contraction velocity of the gel is twice the deflection velocity of the

pillars v,.

Rewriting the right-hand side of Eq. (S37) as integrals over time yields the following expres-

sions for the dissipative and transmitted components of the generated power:
Pyis(t) = ZNYamvyp(2), (S38)
Prans(t) = 2Nk Ax(t)v, (). (S39)

13



As shown in Supplementary Figure 7d, we observe a strongly peaked profile in both the dissi-
pated and the transmitted power, which is a consequence of the acceleration in the contraction

process.

Supplementary Figures
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Supplementary Figure 1. a.) Fluorescence intensity calibration of AlexaFluor-488 labeled
myosin monomers. Data are shown as mean + s.d.; n = 3. Fluorescence intensity was measured
by confocal microscope with different concentrations of AlexaFluor-488 labeled myosin mon-
omers in solution. b.) The numbers of myofilaments in the actin network on pillar rings (n=8).
Box plots in ¢ and f: lines are median, box limits are quartiles 1 and 3, whiskers are 1.5%inter-
quartile range and points are outliers.
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Supplementary Figure 2. Schematic designs and dimensions of the 3D microstructures. a.) V

units with different angles in Fig. 3b. b.) Assembly V units for the large-scale combination in
Fig. 4a-b. c.) 45° V unit with a round joint in Fig. 3c-d. d.) self-folding cube in Fig. 4c-d. e-f.)
Microhands and arms in Fig. 4. To program the hand gestures, the hinges are selectively de-
signed with triangular-shaped blocker modules (wedges). The dimensions in this figure are
given in micrometers.
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Supplementary Figure 3 a.) Representative fluorescence images of actin-myosin network on
pillar rings, projection of z stacks. Actin network was crosslinked with 2.25nM neutravidin.
10 % Atto488-myosin was used for the imaging. Scale bar, 10 um. b.) Orthogonal views of the
actin network in a. The top one-third of the structure was demonstrated, indicating actomyosin
network mainly formed on the tip of the pillar ring. Scale bar, 5 pm.
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Ax

Supplementary Figure 4. Schematic illustration of the mechanical model and the relation
between the effective friction coefficient y,,,, of the dashpot and the material properties and
dimensions of the actin gel.
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Supplementary Figure 5. a.) Expected force per pillar against pillar stiffness from our one-
dimensional contractility model for different values of the actomyosin’s shear modulus G,
(dashed line: 0.1 Pa, solid line: 1.0 Pa, dotted line: 10 Pa). The box chart represents the exper-
imental measurements of active force per pillar exerted on the pillar ring with different stift-
nesses (n=10). Box plots in a: lines are median, box limits are quartiles 1 and 3, whiskers are
1.5xinterquartile range and points are outliers. b.) Theoretical contraction dynamics of with a
constant active force.
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Supplementary Figure 6. Contraction dynamics of the purely density dependent model. a.)

Fit to the experimentally observed contraction dynamics (k, = 35 pN/um). Data are shown

as mean * s.d.; n = 10 pillars analyzed for each data point. b.) Predicted contraction dynamics

at higher stiffness (k, = 100 pN/um). Notably, there is no acceleration observable anymore

at higher stiffnesses. Fit parameter: yNyp,(t = 0)2 = 50 pN/s, pPaX/p, (t = 0) = 5.4,
eff =400 Pas.
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Supplementary Figure 7. Coupling the myosin (un)binding dynamics to the contractility
model explains the observed contraction dynamics. a.) The six-step myosin cycle. A = actin,
M =myosin, D = ADP, T = ATP and P = phosphate. b.) Simplified cycle with only two states.
The load dependent unbinding rate characterizes the catch-slip behavior of the myosin bond.
c.) As a consequence, the lifetime of myosin II bonds to F-actin depends on the load on the
myosin bond. d.) Estimate of the transmitted and dissipated power of the contraction in Fig. 2i
(kp = 35 pN/um) based on our theoretical model.
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Supplementary Figure 8 Deformations of microstructures under forces simulated by the fi-
nite-element model of Solidworks. a.) Schematic illustration and simulation results (displace-
ment, strain and stress) of single pillar that is fixed on the bottom. The applied force on the tip
of pillar is 150pN. The displacement of pillar simulated with Solidworks is comparable with
the experimental and theoretical results. b.) Design optimization of V-hinges with different
thickness of joints. The right arm of hinge is fixed and the force is applied on the tip of another
arm. c.) Deformations of V-hinge when applying different forces. URES: resultant displace-
ment; ESTRN: equivalent strain; von Mises: stress. The structural deformations in the presence
of external force were simulated using a non-linear model in the commercial finite-element
analysis software Solidworks Simulation Premium. For all simulations, the following input
parameters were used: the young’s modulus 57 kPa and the applied force 150 pN per item. The
software setup: geometry nonlinearity options (use large displacement formulation and large
strain option); solver (automatic solver selection); incompatible bonding options (more accu-
rate).
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Supplementary Tables

Supplementary Table 1. Model parameters

Parameter Value

Xcatch 2.5nm "

Xslip 0.4nm ¥

keaen 1765711

e 1557

kgr(-‘i‘ad 10 S—l 22

Kon 0.5 s~1(fitted, Fig. 21)

a 0.4 (fitted, Fig. 2i)

N, 28 (fitted, Fig. 2i)

Nipax 200 (fitted, Fig. 21)
hneft 6 - 10° umPas (fitted, Fig. 2i)
xpq(t = 0)? 0.6 pN/s (fitted, Fig. 2i)

Pa**/pa(t = 0)

21.7 (fitted, Fig. 2i)
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Supplementary Table 2. Contraction energetic for Fig. 2i

Calculated quantity Value
Dissipated work Wy;e 8.4-1072p]
Transmitted work Wi ans 1.7 pJ
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Supplementary Table 3. Comparison of soft actuation methods

Actuati C Actuati Scale Strain Strain Max Control mode/en- Sensing A 2 | Ref.
method mechanism (%) rate/Speed Force ergy source
/response time (N)
Thermo ac- SMA Expansion/ pm-cm 10-50 140mm/s 10! External power Tempera- Easy accessibility; Uncontrollable on/off; 2326
tuator Shrinking 30V heating; 2A  ture/light remote control high power consumption;
SMP pm-cm 50-800 >10s 10--10 current Slow response; less effi-
ciency; limited scalability
Liquid metal mm-cm - 1.2mm/s - 10-40°C
Hydrogel - Smin-24h >25°C
Magnetic Gel and mag- Magnetic pm-mm - <10ms; 2,2mm/s 102-103 External power: C 1lable on/off; D dation issue; limited 225
actuator netic particles force, bending Magnetic field signals quick response; re- scalability; complex man-
mote control; high ufacturing; auxiliary
force equipment
Pneumatic Fluid based Contraction, pm-cm 10-40 10-70%/s 10 Pneumatic pump, Pressure High force densities; Pressure source required/ 2325
actuator bending, ex- valves/air pressure Inexpensive large scale
pansion
Photo-ac- Thermal ex- pm-mm - 0.008-90s - Light Light con- Low ibility to bio- 42521
tuator pansion/con- source trol; remote control tissue; photo-damage;
traction >20mW/cm high intensities of light;
additional hardware
Photochemical pm-mm . 2.4-60s 102-10-3
Electrical Tonic Polymer Bending pm-cm 0.5-10 1-3%/s 10 External power 1 C 1lable on/off for wired 225
Mﬂﬂl Compo- supply(1-5V) signals and bulky; high costs;
sites limited scalability; heat
Dielectric External power: Dielectric produce
Elastomer Contraction, pm-cm 1-100 102-105%/s; 1 Dielectric field (1- signals
expansion 10ms->1s 10kV)
Chemi- Aecrogel/ Expan- nm-cm - - 102 Chemicals supply Chemicals Easy accessibility; Uncontrollable on/off; 228
cals/nanost sion/shrink- fast response possi- temperature dependent;
ructures pH/chemicals ing/bending - 1.5-300s _ ble; complex shapes sensitive to environment;
hydrogels possible slow response
DNA hydro-
gel - 24 hours -
Bio-hybrid Cells/tissue Contraction pm-mm 10-25 38-500pm/s; 10-6-10-3 Medium Light High Strict mai condi- 252831
actuator &PDMS Electrical tions (sterility, oxygen,
(100um- 10-100%/s signal nutrients, metabolic
$mm) waste); vascularization re-
quired; limited 3D design;
high biological complex-
ity; hydration condition
Engineered Contraction mm - 40s-90s 106 Light source: Light Minimal bio-design; High intensities of light; 2
motor protein 365nmUV, spatiotemporal con- One shot application; hy-
&PDMS 0.8W/em?2, 1-4s. trol; high scalability dration/buffer condition;
physically incorporated
on soft interface; less ro-
bust than cells.
Motor Proteins Contraction nm-pm* ~30 0.01-0.1pm/s; 10-10-10-° ATP(Catalyza- Chemi- Minimal bio-de- *Limited speed, force This re-
protein 0.2-0.7%/s; tion) cals, light  sign; direct energy and reversibility; en- search
405-180s consumption; un- ergy supply; hydra-
tethered; spatio- tion/buffer condition;
temporal control; less robust than cells
high scalability
2The performances, such as size, force, speed and can be p P! , when the network alignment problem is solved and the automatic microfluidics techniques are

introduced.

bThe sensing signals depend on the implanted bio-sensors.
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Supplementary Movies

Supplementary Video 1.

Active contractile dynamics of pillar ring array in response to the motor addition.

Supplementary Video 2.

Active force driving freestanding V-unit folding.

Supplementary Video 3.

Energy sensitive reversible V-unit contraction

Supplementary Video 4.

Unit coordination promoted hydrogel “Zigzag” coiling up.

Supplementary Video 5.
Active force actuating self-folding of hydrogel cubes

Supplementary Video 6.
Bio-actuated 3D protein hydrogel to mimic the grasping microhands

Supplementary Video 7.

Dynamic actions of the robotic arm

Supplementary Video 8.

Sequential and spatiotemporal photo-activation of the artificial arm
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