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Hybrid living biobots consisting of active cells hold promise for significant applications as, for
example, intelligent devices in medical engineering and organisms with specific functions in
synthetic biology. However, the design and creation of living biobots with various cells remain a
challenge. In this paper, we propose a three-dimensional inverse optimization strategy based on
the pixel topology optimization method, to design self-propelled living biobots with the function
of biomechanical actuations. For illustration, we design several biobots composed of active and
passive elements that mimic cardiomyocytes and passive epidermal cells sourced from such as
Xenopus laevis, human induced pluripotent stem cells or neonatal rats. Their topologies are
optimized by implementing the active constitutive relations of cells into the multicellular topo-
logical interpolation model. Effects of nutrient concentrations, elasticity, and anisotropic
contraction of cardiomyocytes on the topologies and functionalities of the biobots are examined.
In addition, we unveil the living topological interfaces generated by the collective actuations of
the optimized biobots. We show a potential of collective biobots for high-throughput drug
screening owing to their distinct biomechanical responses under healthy and sick conditions. The
proposed inverse optimization method can be extended to design various functional multicellular
biological systems, which impacts the studies of organ development, synthetic biology, and
medical engineering.

1. Introduction

Robots, such as Atlas and SpotMini, offer a wide range of applications in both industries [Fig. 1(a and b)] and our daily lives. In our
bodies, there are billions of small biobots, including DNA motor proteins (Bath et al., 2009), ATP synthases (Elston et al., 1998), myosin
(Mizuno et al., 2007; Regazzoni et al., 2021), and dynein motor proteins (Jia et al., 2022; Nitta et al., 2021), each performing vital
biological functions. For instance, DNA motors function like factories, continuously carrying out DNA transcription, replication, and
repair processes. The rotational ability of molecular complexes FO and F1 in ATP synthase (Noj et al., 1997) provides the cells with the
required energy to sustain their biological functions. Additionally, by adjusting the conformation of the heads in myosin-II, thick
myofilaments can slide along thin myofilaments, yielding proper activity of cardiomyocytes (Avazmohammadi et al., 2019; Regazzoni
et al., 2021). Unlike microscale intelligent robots that utilize piezoelectric materials [Fig. 1(c)] (Cui et al., 2022) or flexible electronic
devices (Cheng et al., 2023), biobots are composed of active cells [Fig. 1(d-f)], living motor proteins [Fig. 1(g—j)], and other com-
ponents. They are created to achieve specific biological and medical functions.
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Fig. 1. Robots at different scales. (a,b) Atlas and SpotMini (https://www.bostondynamics.com/). (c) Active architected robot. Adopted from Cui
et al. (2022) with permission. (d) Hybrid biological fish. Adopted from Lee et al. (2022) with permission. (e) Xenobot composed of cardiomyocytes
(red voxels) and epidermal cells (green voxels). Adopted from Kriegmana et al. (2020) with permission. (f) Motile living anthrobot self-construct
from adult human somatic progenitor seed cells in vitro. Adopted from Gumuskaya et al. (2023) with permission. (g) Thin myofilaments (red)
and thick actin filaments (yellow). (h) ATP synthases. Adopted from Elston et al. (1998) with permission. (i) Living material driven by dynein

proteins. Adopted from Ibusuki et al. (2022) with permission. (j) ImmuBot composed of diverse protein molecules (https://www.biomap.
com/zh/research-projects/).
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Fig. 2. Topological model of an organoid consisting of two types of cells. (a) An organoid composed of cardiomyocytes (red) and epidermal cells
(green). (b) An optimized multicellular biobot. In the design domain, the void and solid regions are marked by x; = 0 and x; = 1, respectively. The
solid regions are filled with either cardiomyocytes denoted by x;x2 = 1 or epidermal cells denoted by x;(1 — x2) = 1. Q is the design domain.

Recently, the design of hybrid biobots, combining living cells with artificial materials, has gained much attention (Feinberg et al.,
2007; Gao et al., 2021; Guix et al., 2021; Jia et al., 2022; Lee et al., 2022; Nitta et al., 2021; Wang et al., 2022). In a pioneering work,
Feinberg et al. (2007) combined cardiomyocytes and artificial Polydimethylsiloxane thin films to create active structures that can
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swim, opening up new opportunities to design hybrid biobots (Guix et al., 2021). This methodology has been employed to create
cellular fishes (Lee et al., 2022; Park et al., 2016) and cell-based medical devices (Alford et al., 2010; Lee et al., 2022; Lind et al., 2017).
Moreover, biological myosin-II or dynein proteins have been utilized to design hybrid living biobots for structural actuation (Jia et al.,
2022; Nitta et al., 2021) or cargo delivery (Ibusuki et al., 2022). Advances in cell assembly (Gumuskaya et al., 2023) and printing
technologies enable us to produce three-dimensional (3D) cell spheroids (Ao et al., 2022; Stevens et al., 2023; Toda et al., 2018),
organoids (LeSavage et al., 2022; Ren and Han, 2019; Takebe and Wells, 2019; Tuveson and Clevers, 2019), and printed tissues (Luo
et al., 2022; Ravanbakhsh and Zhang, 2022; Xue et al., 2023) consisting of various types of cells. This has paved a novel route to
making living biobots with approximately designed topologies and functionalities.

Through a combination of numerical simulations and experiments, Kriegmana et al. (2020) designed a Xenobot made up of Xenopus
laevis cardiomyocytes and epidermal cells. They constructed an active isotropic spring model to describe the periodic contraction of
cardiomyocytes. Using a multicellular assembly technology, they optimized the organ with the locomotion ability being the objective
function (Kriegman et al., 2021, 2020). Moreover, Gumuskaya et al. (2023) synthesized multicellular motile biobots starting from one
adult human lung cell, named Anthrobot. This type of biobot can promote gap closures on scratched live neuronal monolayer tissues in
vitro. These organisms have simple 3D topologies without complex holes and structs (Kriegmana et al., 2020), which rely on the
functional requirements. Recently, the rapidly developing cryo-bioprinting (Luo et al., 2022; Ravanbakhsh and Zhang, 2022) and
multi-axis robot-based bioprinting techniques (Zhang et al., 2022b) make it possible to produce complex topologies of 3D organisms
composed of various types of cells. These multicellular topological structures not only endow the organs with specific biological
functions and but also impact the morphogenesis in the processes of embryo development. Moreover, the biomechanical behaviors of
cells, such as elastic deformation and active contraction, play a crucial role in the topologies and functions of organisms. However,
there is a lack of a theoretical method that incorporates these complex cellular behaviors and topologies into the design of biobots.

In this paper, we establish a 3D pixel multicellular inverse optimization method based on the solid-isotropic-material-with-
penalization (SIMP) interpolation model (Aage et al., 2017; Zhang et al., 2022a). In this case, each element mesh in the design
domain represents an active cardiomyocyte, a passive epidermal cell, or a void (Bendsoe and Sigmund, 1999). For illustration, we will
optimize the specific actuation of biobots consisting of two types of cells. The model also includes the effects of anisotropic contractions
and nutrient concentrations. Moreover, we will unveil novel collective biobot behaviors, which offer great potential for designing
biological intelligent systems, such as drug screening (Ao et al., 2022; Goldfracht et al., 2019; Mills et al., 2019) or living topological
materials (Jiang et al., 2022).

2. Active mechanics model of cardiomyocytes

Fig. 2(a) schematically shows an organoid composed of cardiomyocytes (red) and epidermal cells (green). The cardiomyocytes
exhibit active contraction ability, resulting from the relative movements of thick and thin filaments driven by ATP and Ca®* ions
(Avazmohammadi et al., 2019; Regazzoni et al., 2021). They have higher stiffness than the epidermal cells. The effective active stress
field model, combined with the finite element method (FEM), has been proposed to simulate such biomechanical problems (Bol et al.,
2009; Goktepe et al., 2010; Goriely, 2018; Kaczmarski et al., 2023; Paetsch et al., 2012; Sato et al., 2021; Yuhn et al., 2023).

As shown in Fig. 2(b), the biobot is composed of 3D cubic voxels, each having an average size of about 100 x 100 x 100 pm?
(Kriegmana et al., 2020). The red voxels represent the cardiomyocytes with active contraction ability; while the green voxels represent
the passive epidermal cells. Although the two types of cells have a significant difference in morphology, our model can not only
efficiently capture their biomechanical behaviors of current interest by introducing their active constitutive relations, but also describe
the topological layouts. In the context of optimized biobots, the cubic voxels in the figures refer to the cells, while in the calculation
models of the design domains, they represent the finite element meshes.

To represent the active stresses generated by the cardiomyocytes (red voxels), their active constitutive relation is expressed as

6.,=D(e —¢,) =60, @™
where ¢ = De is the total stress, 6., and 6, = De, denote the elastic and active stresses, respectively; D(v, E. ) is the elastic matrix with v

and E, being the Poisson’s ratio and elastic modulus of the cardiomyocytes, respectively; € and €, are the total and the active strain,
respectively. The active strain is written as

&, = AC[a,, a,,a.,0,0,0]", )

where ACis the nutrient concentration (e.g., ATP or Ca®* ions) (Avazmohammadi et al., 2019; Regazzoni et al., 2021). ay, ay,and a; are
the contraction coefficients of the red voxels in the x, y, and z-directions, respectively. In Eq. (2), if the nutrient concentration AC is set
to zero, the active strain &, will disappear. Consequently, the stress of passive epidermal cells in Eq. (1) will degenerate to 6., = D(v,
E.)e = o, where E, is the elastic modulus of epidermal cells.

The total potential energy function of the organism in Fig. 2(b) can be written as

N
1 SO
() = Z/ﬂ |:§€TD(V, E)e —e'D(v,E)e, (@i, iy, i) — u; p| dQ;

N
_ T i
;/r’”uitdl“7

(3)
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where u; denotes the displacement vector of the ith element mesh, N is the total number of the element meshes in the design domain Q,
Q; and Fia are the space and surface force boundaries of the ith element mesh, p and t represent the external nodal and surface forces,
respectively. E; (i = 1,2,...,N) and a&;;, (m = x,Y,2) are the Young’s modulus and contraction coefficients of the ith element mesh,
respectively. In the following Section 3.1, we will establish a topological model to determine the values of E; = E,, E., or 0 and a;,
= an or 0 in the ith element mesh.

By using Eq. (1), and employing the variational principle, we can obtain the governing equation

Ku=P + Pl + Pbio—chemov (4)

where K and u denote the global stiffness matrix and displacement vector, respectively. The nodal and surface forces are expressed as

N

P=>"" /Q N'pd;, )
N .

P = Zi:] ﬁ , NTtdr, (6)

where N is the matrix of shape function in the FEM, and the active force is

N
Prio—chemo = BD(E))¢e, Ni.m dQ;
oo = 3 [ BD(E)eu @)
N n @

S B(&,.m, ¢, )D(E)es (@) 01
fe=1

i=1

These forces provide a framework for analyzing the biomechanical behaviors of the organism. For simplicity, we disregard the
forces P and P, and primarily focus on the effects of active biological force Ppio_chemo-

3. Multicellular topology optimization method

In this section, we propose a topology optimization framework to optimize the cardiomyocyte and epidermal cell distributions in a
multicellular organism or biological robot [Fig. 2(b)] that possesses specific biomechanical functions, for example, actuation. We first
introduce a multicellular interpolation model and a filtering method based on the discretized design parameters. Subsequently, we
propose the optimization formulation and show the details of the calculation process of sensitivity information.

3.1. Interpolation model and filtering technique

Based on the SIMP model (Aage et al., 2017; Gao and Zhang, 2010; Sigmund, 2001b), E; and a;,, are written as

E; (xl.i7x2.i) = X'lh i[xg? Ee+ (1 —xy i)Ee} yi=1,2,..,N, ®
Wy (X1, X0) = X X2 @y m = X, Y, 2, 9

where x; ; and x2; € [0, 1] are the two types of design variables that can tune the distributions of cells in the design domain Q [Fig. 2
(b)]. The penalty factors #; = 1, = 4.0 are introduced to facilitate the values of x; ;, x2; to 0 or 1.

To avoid the occurrence of checkboard patterns in the SIMP method (Aage et al., 2017; Bendsoe and Sigmund, 1999; Sigmund and
Torquato, 1997), we take the following filtering operators

S jenw (i) vy

e C M AP At (10)
P )y

e (ri ) v,

Pai = » an
> Z/'EN,W(ri’rj)vj

where N; = {j=| ri—rj ||[<R}, R =150 um is the filtering radius. r; and r; are the position vectors of element meshes i and j (j € N;),

respectively. w(r;, rj)= max(0, R— || r; — rj || ) is the weight factor, and v; is the volume of the element. Moreover, the increase of R can

enhance the robustness of the optimized structures. As a result of filtering, the physical densities are also restricted to the interval [0,
1]. Then the elastic modulus and contraction coefficients of the ith element mesh are rewritten as

E; =pl z[/)g Ee+ (1 —p2 i)E€]7 12)

Ui = Plllf fﬂg? iOm- (13)
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Finally, the values of E; [Fig. 2(b)] and @;,, of the ith element mesh are
E;—0, @;,—0, (Voids) if x; ;—0,
E;—E., a;,—a,, (Cardiomyocytes) if x; ;=1 and x, ;—1, 14

E;—E., @;,—0, (Epidermal cells)  if x; ;—1 and x, ;—0.
3.2. Biomechanical function analysis

To achieve the desired function of the biobot, one may require that the target nodal displacements at a specific position satisfy a
prescribed condition. This strategy has been employed in the design of microdevices that can quickly respond to external stimuli (Chen.
etal., 2023; Geiss et al., 2019; Hamel et al., 2019; Tian et al., 2022; Zhao and Zhang, 2022), such as forces (Sigmund, 2001a), electrical
fields (Sigmund, 2001b), or fluid pressures (Kumar and Langelaar, 2021). In this case, the function is formulated as

min or max : J = u, = LZu7 (15)

where 1, is the output displacement of the gth target point, and L, is the corresponding unit index vector. The choice of ‘min’ or ‘max’
depends on the requirements. In the case, the maximum output work done by the optimized organism is written as

max s W =1 /2% u, (16)
where k, represents the effective stiffness of the system along the output direction. Here we take the value of k; = 1078 N /pm.
3.3. Optimization of multicellular biobots

To obtain the unknown topology in the multicellular biobot with minimizing nodal displacements, such as the nodal movements
along the negative y-direction, the optimization method reads

find: x; = (Xl. 1y X1, 2y 00y xl.N)T7 X2 = (xz, Iy X2, 250y X2, N)T

min : J = E L}u
X1, X2 7

K(Xh Xz)ll = Pbio—chcmo (XI k) X2)7 (17)
Vc(Xh XZ) S V;‘
Vc(xh XZ) S Ve*v

ngl,iSL OSXZ,iSL (1:17 27"'7 N)*

s.t.:

where the vectors x; and x, denote the topological design variables as defined in Eqs. (8) and (9). Furthermore, the volume fractions of
cardiomyocytes and epidermal cells are calculated respectively by

SN Sipy P, i

Ve(x1,%) = 2%7 (18)
al sipy (L —py

Ve(X1,%) = 2%7 (19)

where s; and Q are the volumes of the ith element mesh and the design domain before optimization starting, respectively.
3.4. Sensitivity analysis

To obtain the optimization results in Eq. (17), the topology design variables x; and x, should be updated through iterations. Based
on the gradient optimization method, such as MMA (Svanberg, 1987), the optimal search directions are determined by the gradient
information of the objective function and constraints with respect to the design variables.

In Eq. (17), the objective function depends on the displacement vector u, and its gradient information contains du /oxy;, (k = 1,2).
Though it can be obtained by taking the derivates of the functions in Eq. (17), this process is cumbersome. Typically, an adjoint method
is effective to avoid explicitly calculating the derivates of displacements du/dxy ;, and the objective function in Eq. (17) can be rewritten
as

Lﬂ = J + AT(KII — Phi(vchcmo) = ZL;U + A]T(Ku - Pbiofchcm0)7 (20)
q



H.-K. Zhang et al. Journal of the Mechanics and Physics of Solids 187 (2024) 105634

a b — Present e Difference Cc — Present Difference
Ly Cardiomyocytes 0.05 ! 0.05 : : - :
0.04 0.04
0.03 0.03
£ = 0.02] =¥ 0.02]
@ 0.014 0.014
0.001 0.004 o 50 alle alls 55
-0.01 . . : . -0.01 . - - ;
Epidermal cell 0 100 200 300 400 500 0 100 200 300 400 500
Fixed boundary Iteration number Iteration number

Fig. 3. Validation of sensitivity analysis. (a) A sheet-like multicellular organism is depicted. (b) Sensitivity information of p; ;. (c) Sensitivity in-
formation of p, ;.

where A represents a nonzero arbitrary adjoint vector. The derivates of the new objective function in Eq. (20) can be obtained as

ZLT +AT( aK u+ K 0u _ aniu—chemu)

0xk i 90x, Xk, i axk, i 3Xk, i
. (21)
aK 7) (N Jdu ou
A.T AT bio—chemo A,TK
( ox, ; oxy, oxy, 1+E 90y, ;
The second term in Eq. (21) can be ignored if the nonzero vector A satisfies
T T
AK+ L =0, (22)
In this case, Eq. (21) reduces to
of oK 17) AN
_ A,T _ A,T bio—chemo 23
0% i 0xy, ,-u ox; ;i (23)
Substituting Eqs. (12) and (13) into Eq. (23) leads to
o T OE; (X17X2) lTa[E[(xl,Xz)ai,m(xth)]i;L N (24)
Oxk_, i ! 6ka i 6ka i

where the terms 0E;/0xy; and d(E;@im)/0xi; can be calculated from Eqgs. (12) and (13).
Furthermore, the derivates of the volume fractions of cardiomyocytes and epidermal cells with respect to the design variables are

0Ve(X1, %) _ d P, iP2, iSi 9 (Pl, iP2, i) Si

6)% - dxk, ,'Z’ Q - axk, i ﬁ’ (25)
OVe(x1,%) 0 pri(1=ps)si 9 [ (L =poi)] s

ox,;  Oxg izi Q n ox; Q (26)

where the terms 9 (p; ;5 ;)/0xx, i and d[p; ;(1 —p, ;)]/0xx, ; can be calculated from Eqgs. (10) and (11).

We use the difference method to verify the derivatives of the objective functions, as shown in Fig. 3(a), where the depicted biobot
consists of 1, x 1, x n,=8 x 8 x 8 cells. The volume fractions of cardiomyocytes and epidermal cells are set as V; = V; = 50%. The
nutrient concentration and active contraction coefficients are specified as AC = 0.5 and a, = @, = @, = — 0.1, respectively. The
elastic moduli of cardiomyocytes and epidermal cells are set as E. = 100 kPa and E. = 10 kPa, respectively; and their Poisson’s ratio is
assumed to be v = 0.3 (Mathur et al., 2001).

The sensitivities calculated by the difference method are expressed as

f(pl. ;T Aa, Pz) —Z(pys pa)
Aa ’

Al = 27)

£(p1s poi+DBa) = Llpy, p,)

Af i =
> Aa

(28)

where Aa = 1073 is the perturbation parameter. Notably, in Fig. 3(b and c), the theoretical sensitivity information aligns precisely with
the values calculated by the difference method. However, the computational burden associated with the difference method used in
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Table 1
Optimization process.

Algorithm: Objective function, constraints, design variables, optimization operator

Initialization :
Ny, Ny, Nz, AC, ay, ay, @z, Lg > Geometric information
RV, V¢, x%o),x(zo).NitAw(ri, rj) > All optimization parameters

X = {x;;=08,i=1,2,..,N},
x(zo) ={x2;=08,i=1,2,..,N}, > Initial values of design variables
m, ao, (@, di, ¢;, i=1, 2), L, Uy > Parameters of MMA

whilemax(|x; — X7, [x2 — X5]) < & or Ny > Nj,

K(x1,X2)u =Ppio_chemo (X1, X2)—u, J > Calculate finite element

Ve(x1,X2), Ve(x1,X2)

0J/0x1 i, 0J/0x2 i, OV./0x1 i, OV./0x2 i > Calculate sensitivity information
start the optimization operator MMA > Inner optimization starts

X7, X > Update design variables at nth step

end
Output results : Iteration history, multicellular topology

sensitivity analysis is enormous. Therefore, the sensitivity information for the objective and constraints is expressed by Eqs. (24)-(26).
The entire optimization process is listed in Table 1. All numerical simulations are performed by using Matlab on a workstation with
Intel (R) Xeon (R) CPU E5-2699 v4 @ 2.20GHz and 256 RAM.

4. Examples

In this section, we give a few examples to design multicellular biobots with specific functionalities, such as cell-driven actuators and
grippers, and collective behaviors.

4.1. Design of a tyrannosaurus-like biobot

In the first example, we validate the proposed method by optimizing a biobot that can achieve the maximum biomechanical
actuation along the y-direction at a specific node. It is motivated by the vertebrates that have functional organs of heads, spines, and
limbs. For instance, their heads, driven by skeleton muscle tissues, can move in different directions (Keller, 2002).

Therefore, we define a design domain with the size of [, x I, x [, =2 x 4 x 2 mm?® as shown in Fig. 4(a), which is divided into n, x
ny x n1;=20 x 40 x 20 element meshes. The optimization objective function is defined by max : Lq_yu, g = 1 [Fig. 4(a)]. The volume
fractions of cardiomyocytes and epidermal cells are set as V; = V; =10 %, with the remaining 80% volume being empty. To avoid the
locally optimal problem, the initial values of the design variables in the model are set as x;; = x2; = 0.8, withi = 1,2,...,N. The
nutrient concentration and contraction coefficients are set as AC = 1.0 and a, = ay = a; = — 0.1, respectively.

After 100 iterations with 453.64 s of computation time, the objective function and the volume fractions converge to stable values as
shown in Fig. 4(b), demonstrating the effectiveness and stability of the proposed method. In the final optimized results, we take the
values of p; ;p, ; > 0.5 or p; ;(1—p, ;) > 0.5 as cardiomyocytes or epidermal cells, respectively, because the voxel densities on the
organ boundaries do not strictly reach 0 or 1 in the SIMP model. Compared with the theoretical cell number 1600, the optimized biobot
consists of 1582 cardiomyocytes and 1393 epidermal cells, respectively [Fig. 4(b)].

In Fig. 4(b and c), the cardiomyocytes are predominantly located in the outer space due to their higher modulus and active
contraction ability. This cellular topology layout is essential to actuate a larger displacement along the y-direction at the target node.
The resulted displacement is 1341.75 um, and the final work is calculated to be 9.0 x 1073 N - um. In the optimized biobot, a hinge is
formed, connecting the head and leg regions [Fig. 4(b)]. The epidermal cells act as the passive abdominal component supporting the
active actuating part made of cardiomyocytes. Moreover, the topological architecture of cardiomyocytes and epidermal cells is similar
to the muscle distribution observed in Tyrannosaurus, with muscle tissues concentrated along its neck, back, and legs to achieve rapid
body responses [Fig. 4(c and d)].

In addition, the proposed method can handle complex initial design domains, such as those shown in Fig. 4(e and f). In Fig. 4(e), the
design domain is an octant of spherical shape of 3.0 mm in radius. Fig. 4(f) has a hemispherical shell with the outer and inner radii of
3.0 mm and 2.0 mm, respectively. The objective function and the percentage of cell numbers are all consistent with those in Fig. 4(a).

Though the biobots in Fig. 4(e and f) have similar functionalities to that in Fig. 4(b), exhibiting the maximum output along the y-
direction at specified points (Video S1, Supplementary materials), the initial design domains significantly influence the optimal to-
pologies of the biobots. Therefore, this method can be used to design biobots with complex design domains to meet specific functional
requirements.

To illustrate the effects of the total cell number on the optimized organisms, we scale up the characteristic sizes of the biobot, as
shown in Fig. 5. We vary the total cell number (n, xn, xn,) x V; from (20 x 40 x 20) x 20% to (80 x 160 x 80) x 20%, with the
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Fig. 4. Validation of the proposed method. (a) A design domain and boundary conditions. (b) Iteration history and computation costs of the
objective function and volume fractions. (c) Deformed biobot. (d) Comparison between the optimized multicellular biobot with a Tyrannosaurus
origami. Optimized biobots in an octant with a spherical shape (e) and a hemispherical shell domain (f). Here, we set the initial values of the design
variables as x(lol) = g_”g = 0.8, withi =1,2,...,N.

filtering radius and the total cell volume fraction being set as R, = Ro l,_n/l, Vi = V; + V;. In the calculations, Ry and I, are set as
150 pm and 4 mm, respectively, and I,_, is the height of the scaling biobot. The varying R, can ensure the topological similarity with
the total cell number increase.

Fig. 5 shows that increasing cell number leads to a greater objective output for the optimized biobots. In this example, the
abdominal parts degenerate from struts into robust ribs due to the increase in the filtering radius R, (Aage et al., 2017), which indicates
a jump of the objective function value (Fig. 5). While the topological features for cardiomyocytes are similar to the example shown in
Fig. 4(b). It should be noted that the scaling process does not consider organism growth, and thus the cellular topologies of these
organisms are independent of each other.

4.2. Effects of nutrient concentration

In this section, the first example in Fig. 4(a) is further used to profoundly study the effects of nutrient concentration AC on the
multicellular topologies and objective functions.

Fig. 6(a) displays that nutrient concentration AC falls within a specific interval [0.2, 2.0], with each case terminating after 80 it-
erations. The amplitude values of the objective functions gradually increase with concentration AC while the final optimized topol-
ogies remain relatively stable. According to Eq. (7), an increase in nutrient concentration AC results in a larger active force Ppio_chemos,
thereby fostering enhanced actuation capabilities for the optimized biobot with a specific topological architecture.
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4.3. Cellular stiffness and volume fractions

In reality, accurately quantifying the modulus of individual cells in multicellular samples poses a challenge. Additionally, in a
specified nutrient environment with constant concentration AC, the total active forces of an optimized biobot change with the fluc-
tuations in the number of cardiomyocytes. All these uncertain factors play important roles in sculpturing the functions and topologies
of the biobots and need to be unveiled systematically.

Hence, it is imperative to investigate the impacts of E. /E. € {1,2,...,9} and V;/V} € {0.33,0.5,0.7,1.0,1.4,2.0,3.0,5.0,11.0} on
both the optimized topologies and functionalities, where the epidermal cell modulus and cell volume fraction satisfy E. = 10 kPa and
Vi + Vi = 20%, respectively. In Fig. 6(b), the cases falling within the purple region exhibit lower output values compared to those in
the yellow region. This is attributed to that the lower cell moduli of cardiomyocytes in the left purple region provide the biobot with a
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Fig. 7. Effects of anisotropic cardiomyocyte contractions on the optimized biobots.

lower stiffness to resist a larger active force than the cases in the yellow region. Additionally, the biobot tends to develop abdominal
struts to enhance their stiffness when the modulus or number of cardiomyocytes decreases.

Based on our analysis, the instances located on the white region [Fig. 6(b)] represent an optimal combination of (E. /E., V /V}),
such as the case of (6.0, 1.4), offering a reasonable topology and excellent functionality. This finding provides a valuable insight into
designing multicellular functional organoids based on the self-assembling or cell-printing methods.

4.4. Anisotropic contraction of cardiomyocytes

In this section, we unveil the effects of anisotropic biomechanical behaviors of cardiomyocytes (Avazmohammadi et al., 2019),
such as contraction intensity, on the optimized results, by assuming that the coefficients ay, @y, and a, have different values. The
contraction coefficients and nutrient concentration satisfy ay = —0.1 and ay/ax, a;/ax € N = {0.2:0.2:1.8}, and AC = 0.4,
respectively. A total of 64 samples are considered, each having specific values of V; = 10% and V; = 10%. The design domain size is I,
xly x I; = 3 x 6 x 3 mm? (Fig. 7), corresponding to the element number of 30 x 60 x 30.

In Fig. 7(a), the contraction strength along the x-direction is stronger than that along the z-direction in the region-I with a, /ay
< 1.0, leading to the layout of cardiomyocytes being aligned along the x-direction in the optimized biobots. As the value of a, /ax
increases gradually to 1.0, the active contraction becomes equal in both the x- and z-directions, resulting in symmetrical topological
characteristics in the x-z plane. In region-II (Fig. 7), the layout of cardiomyocytes in the optimized biobots is oriented along the z-
direction due to a,/a, > 1.0. This finding implies that the anisotropic contraction may promote the topology polarity of the biobots,
which recruits cardiomyocytes to enhance their stiffness and functionalities.

Moreover, with the increasing contraction intensity of cardiomyocytes in the y-direction, their distribution becomes more
concentrated in this direction (Fig. 7), which ultimately leads to an enhancement in the output of biobots.
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4.5. Biobots with different functions

In this section, we further use the above method to predict four other types of biobots with different biomechanical functions
(Filippia et al., 2022). The optimization details of these examples are given in Fig. 8, and Fig. A(1,2) in Appendix A.

(i) Twisting biobots

It is hard to design micro-sized twisting active biobots due to the specific requirements of chiral topological structures. Recently,
advancements have been made in the design of intelligent twisting micro-architectures (Cui et al., 2022; Frenzel et al., 2017; Li et al.,
2022) and medical robots (Ze et al., 2022). However, it remains unknown how one can design multicellular systems with self-propelled
twisting function.

In Fig. 9(a), we propose an optimized biobot that has a clockwise or anti-clockwise twisting function due to the chiral topology of
cardiomyocytes and epidermal cells by introducing chiral non-designable domains [Fig. 8(a)]. The objective function is defined as the
maximum nodal displacement along the negative y-direction on the top surface and it is written as min : L'{_yu, where L;_, denotes the
point index vector, as shown in Fig. 8(a).

Additionally, to enable the biobot to carry cargo on its top surface, a layer of element meshes to the top surface is composed of
epidermal cells. All nodes of the elements on the bottom surface are fixed to prevent any movement. To avoid the inclination of the
biobot, the nodal freedoms along the x- and z-directions of the vertical center line are also fixed. The volume fractions of cells are V} =
Vi =10%.

In Fig. 9(a), the chiral structures provide the whole organism with an active resultant twisting moment that ultimately drives the
biobot to rotate. Moreover, the twisting angles 6 of the top surfaces change from 5.61° to 16.62° with the nutrient concentrations AC
ranging from 0.2 to 0.6.

(i) Multicellular ‘fish fins’

The bell tissue of jellyfish (Costello et al., 2021; Lee et al., 2022; Park et al., 2016) [Fig. 9(b)] is composed of cardiomyocytes,
epidermal and nerve cells, inspiring us to design a multicellular system with biomechanical functions similar to fish fins (Costello et al.,
2021; Lee et al., 2022; Nawroth et al., 2012). To this end, two types of sheet-like structures [Fig. 8(b and c)] are taken as designable
spaces. To achieve the bending function, the size of the design domainisl x I, x I, = 1.6 x 6 x 0.2 mm?, and the designable space has
two-layers of element meshes in the z-direction, as depicted in Fig. 8(b). The back layer is composed of only epidermal cells, while the
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front layer serves as a space that can be designed with cardiomyocytes. The volume fraction of the cardiomyocytes is V. = 20 %. The
objective function is chosen as max : Lizu, where L _, is the nodal index vector, as shown in Fig. 8(b). In Fig. 9(b), cardiomyocytes are
located in the central region of the cellular sheet, and their number gradually decreases from the bottom to the top regions. Owing to
this topology of cardiomyocytes, the biobot can overcome the boundary constraint on the bottom surface. In Fig. 9(b), for example, the
output displacement of the optimized biobot is 690.41 pmwith the nutrient concentration AC = 2.0. Similarly, both the concentration
and cardiomyocyte number also impact the biobot functionalities, as shown in Fig. 9(b). Further, the cell-driven sheets have a potential
for drug screening in organ-on-chip biomedical engineering (Lind et al., 2017).

In terms of a three-layer cellular sheet [Fig. 9(c)], the design domain is given byl, x [, x [, =0.3x 6x 1.6 mm?3, and the middle
layer is filled with epidermal cells. The objective function is formulated as max : (L} , — L] ,)u, where the nodal index vectors L;_,
and L,_, are shown in Fig. 8(c). This objective function means that the displacement difference along the z-direction promotes the two
nodes to move in opposite directions. Therefore, the distribution shapes of the cardiomyocytes on the back and front layers are
completely opposite, which yields a periodic torsion for the optimized biobot [Fig. 9(b)]. Besides, biobots that have similar topologies
to the Xenobot (Kriegmana et al., 2020) are shown in Figs. 8(d), and Al(a,b) (Appendix A).

(i) Cellular grippers

Skeletal muscle tissue has been proposed to provide the power that drives a microscopic gripper (Morimoto et al., 2018). Such
hybrid robots allow a pick-and-place manipulation of objects through an integration of two functional parts. Using the above-proposed
method, we here design multicellular microscopic grippers with the functionality of grasping objects (Leveziel et al., 2022; Xu et al.,
2024).

In Fig. 8(e), the size of the half design domain for gripper-1 is I, x I, x I, = 4 x 3 x 1 mm?®. The volume fractions and nutrient
concentration within this domain are specified as V} =V} =10% and AC = 0.45, respectively. We take the objective function
max : L ,u. InFig. 9(c), the cellular gripper is composed of cardiomyocytes supported by epidermal cells located on the outer space.
Due to the cellular hinges (Yellow circle), the distance of the two chucks dynamically changes from 1000 pm to 222 pm, driven by
cardiomyocytes (Fig. Al, Appendix A).

A similar strategy is taken to design a biobot containing four chucks. In Fig. 8(f), the size of the quarter design spaceisl, =1, =1[, =
3 x 6 x 3 mm®. The volume fractions and nutrient concentration within this region are V: = V = 10% and AC = 0.40, respectively.
The objective function is specified as max : (L] , + LT ,)u. In Fig. 9(c), the distance of the four chucks changes from 2828 pm to
1722 pmduring the contraction process [Fig. Al(e), Video S2 in Supplementary materials and Appendix A]. These two examples
demonstrate a great potential to obtain multicellular systems with grasping functionality through optimal design of their topologies.

(i) Cell-driven meta-biobots

In metamaterials, specific microstructural topologies are often designed to endow the macroscopic material with exotic physical
behaviors, such as negative thermal expansion. Although the thermal expansion coefficient of the basal material is positive, the
microstructure ultimately shrinks its volume due to the specific topology structures of the unit cell (Sigmund and Torquato, 1997;
Wang et al., 2016). By analogy, cardiomyocytes can be regarded as a living material with negative thermal expansion coefficients. In
what follows, we consider whether it is possible or not to obtain an expanding multicellular organism driven by cardiomyocytes
through topology design.

A quarter designable domain is shown in Fig. 8(g), with a size of L x I, x , = 6 x 6 x 1 mm®. The volume fraction and nutrient
concentration are V: = V! = 10% and AC = 0.8, respectively, and the objective function is defined as min: (L] ,+ L] ,)u. The
optimized biobot depicted in Fig. 9(d) possesses a remarkable ability to expand its body driven by cardiomyocytes [Fig. A1(f)], which
is beneficial to specific topological hinges that push the corners to move away from the original center (red point). For comparison, we
illustrate an example of cell-driven shrinking biobot as shown in the bottom part of Figs. 9(d), and A1(g,h) (Appendix A and Video S3 in
Supplementary materials), where the central regions of the six surfaces get close to the original point.

Taken together, we have designed four types of biobots that exhibit distinct biomechanical functions. Although only two types of
cells have been used, we achieve distinct functions by utilizing different bottom-up topology assembling modes. However, it is worth
noticing that a key issue in the assembly of cellular aggregates is the realization of the complex 3D topology of multicellular biobots.
Fortunately, significant progress has been made in this direction, owing to the rapidly developing sacrificial ink (Bertassoni, 2022;
Zhang et al., 2021), cryopreservation (Luo et al., 2022), and multi-axis bioprinting (Zhang et al., 2022b) technologies. In the
extrusion-based sacrificial printing approach, for example, the bioink containing living cells swiftly solidifies into an organ structure
upon contact with a supportive microgel bath. The supportive bath helps the multicellular topological organs to resist collapse. After
the removal of the sacrificial gel support, the printed topological organs may exhibit favorable biological and mechanical performance
(Zhang et al., 2021). In this technique, the impacts of cell-to-cell adhesion and cell-bioink interaction on the optimized multicellular
organs remain unclear and deserve further endeavors.

4.6. Applications of collective biobots
Biology systems can be seen as a collaboration among numerous individuals, resulting in complex and interconnected dynamical
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behaviors (Li et al., 2019; Lin et al., 2021). In the tumor microenvironment, for example, such immune cells as T lymphocytes and
dendritic cells (Schwartzberg et al., 2009; Shi et al., 2018) interact with cancer cells (Oyler-Yaniv et al., 2017), thereby influencing
tumor growth and the effectiveness of immunological therapies (Gungabeesoon et al., 2023; Zhou et al., 2023). In this subsection,
therefore, we will present two types of collective biobots with specific physical and medical functions. It is anticipated that the biobots
could work in a collective environment to achieve specific functions.

(i) Living topological materials

Fig. 10(a) presents a type of collective organisms, comprising 32 biobots obtained from the proposed optimization method [Fig. 4
(b)]. In Fig. 10(a) and (b), the biobots located at the left and right regions have different unit cells composed of biobots with ‘back-back’
and ‘face-face’ modes, respectively. We use the hopping parameters t; and t; to denote the biobot head distances in the unit cell
[Fig. 10(c)]. They are affected by the active mechanical actuations driven by the nutrient concentration AC. At the initial moment, the
hopping parameters satisfy t; (AC) > t2(AC) (left region) and t; (AC) < tz(AC)(right region), while they become t; (AC) < t(AC) (left
region) and t; (AC) > t2(AC) (right region) when the collective biobots start to actuate, as shown in Fig. 10(c and d). Consequently, the
interface mode between the left and right regions also changes from interface #1 to #2. Based on the classical Su-Schrieffer-Heeger
(SSH) model (Haldane, 1988; Yao and Wang, 2018; Zhang et al., 2023), the changes in the hopping parameters on both sides of the
living interface affect the energy distributions and topological invariants of the collective biobots. Additionally, the collective
self-propelled spinning biobots are also shown in Fig. B1 (Appendix B). These assembled biobots hold potential for the design of living
topological materials (Dorrah and Capasso, 2022; Semeghini et al., 2021; Zhang et al., 2023).

(i) High-throughput drug screening

Rapid and effective screening of drugs is important for the treatment of various diseases (Yellen et al., 2021), including the
world-spreading coronavirus disease (COVID-19) (Mirabelli et al., 2021). Traditional methods of drug testing and screening not only
prolong the process but also result in lower efficacy during the final clinical stages (Ma et al., 2020). The rapidly developing in vitro
organoids emerges as a new technology for drug screening. Organoids can not only replicate some biological functions of target organs
but also provide reliable physiological and pathological environments (Ao et al., 2022).

Recent advancements in high-throughput drug screening using in vitro organoids have occurred in various treatments, such as
SARS-CoV-2 viral infection (Mirabelli et al., 2021), Alzheimer’s disease (HiPSC-driven cerebral organoid) (Park et al., 2021), and
human cardiac problem (HiPSC-driven in vitro cardiac organoids) (Goldfracht et al., 2019; Lee et al., 2023; Mills et al., 2019). In the
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cardiac organoids, drug effectiveness is determined by measuring their changes in body sizes and contraction frequencies. In our
optimized biobots with specific functionalities, the measurement process could be more convenient. For example, it is easy to track the
displacements of the optimized output points. In the context of collective biobots, there would exist noticeable disparities in the
functional output behaviors between healthy and diseased biobots, indicating novel prospects for drug screening.

In Fig. 11(a), we depict the healthy and diseased states of various biobots, assuming that in the diseased states, a few car-
diomyocytes lose their active contraction ability (white cells). Numerical simulations indicate significant disparities in biomechanical
behaviors between the diseased and healthy biobots, as shown in Fig. 11(a). The discrepancies arise because the inactive contraction
capability of sick cardiomyocytes disrupts the normal deformation morphologies of the entire organism, consequently resulting in
spatial distribution changes in their deformation as illustrated in Fig. 11(b-d) and B2 (Appendix B and Video S4 in Supplementary
materials). The severity of organism illness correlates with the degree to which the optimized target points deviate from their healthy
positions in the x-z plane [red dot in Fig. 11(f)], which is beneficial to performing drug screening.

Fig. 11(e) outlines the drug screening process by using a biobot with three steps. First, the targeted nanoparticle drug is delivered to
the diseased regions. In the second step, after a specific treatment period, the spatial deformations of the recovered biobots are scanned
and compared with those of the healthy biobots. In the context of biobot population treatment, a substantial volume of data concerning
the deformations of recovered biobots can be acquired for the next step. Finally, if their resemblances to healthy biobot deformations
are significant, the designed drug is considered effective. Conversely, a significant or inconspicuous deviation between the two sets of
deformations might indicate potential toxicity or ineffectiveness.
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5. Conclusions

Based on the topology optimization method, we have proposed an inverse theory to design 3D multicellular biobots composed of
cardiomyocytes and passive epidermal cells, aiming to achieve targeted biomechanical functions in both individual and collective
biobots. Through extensive simulations, we have examined the impacts of such factors as cellular numbers, elastic moduli, and
anisotropic contractions on the topologies and functions of biobots. The proposed method demonstrates the potential of functional
biobots capable of exhibiting exotic actuations, such as self-propelled torsion, expansion and grasping objects, and presenting diverse
living topological interfaces within collective biobots. We have also discussed the potential applications of such collective biobots for
high-throughput drug screenings.

However, the proposed multicellular topological assembly method still faces some limitations and challenges. For example, we
have not considered the polarity uncertainty of cardiomyocytes during self-assembly or cell printing (Runser et al., 2023; Stevens et al.,
2023; Zhang et al., 2022b). Incorporating this mechanism into the optimization models is crucial for designing efficient organisms
(Ren and Han, 2019; Takebe and Wells, 2019). In addition, it is also of interest to incorporate the growth, topological evolution and
physiological environments of multicellular functional systems (Buske et al., 2011; Clawson and Levin, 2023; Norfleet et al., 2020),
such as hearts (Drakhlis et al., 2021; Yonatan R. Lewis-Israeli et al., 2021) or tumor-immunity organoids (LeSavage et al., 2022; Ren
and Han, 2019; Tuveson and Clevers, 2019). Finally, it is emphasized that the machine learning method (Jumper et al., 2021; San-
chez-Lengeling and Aspuru-Guzik, 2018; Zohdi, 2022) and the other cell models (Van Liedekerke et al., 2020; Sun et al., 2022) can be
implemented into the proposed inverse theory for designing multicellular functional systems. These issues all merit further efforts.
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Fig. Al. Deformation analysis of the optimized results. (a, b) The cellular topologies of the optimized biobots are similar to the Xenobot [Fig. 1(e)] in
(c). (d, e) Cellular grippers. (f) Expanding deformation. (g, h) Shrinking deformation related to Fig. 8(h) and (i).
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