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Abstract 

The structural and mechanical properties of gels can be controlled by promoting the 

unfolding (and refolding) of loops (stored lengths) embedded within the networks. As a loop 

unfolds, the released chain length can increase the extensibility and reconfigurability of the 

gel. Here, we develop a theoretical model that couples the elasticity of the gel to the dynamic 

transitions occurring in loops that lie between the crosslinks. Using this model, we show that 

a thermally-induced swelling of the gel generates an internal strain, which unfolds the loops 

and thereby further increases the degree of gel swelling. We exploit this cooperative behavior 

to reconfigure the gel by patterning the location of the loops within the sample. Through this 

approach, we convert flat, two-dimensional layers into three-dimensional forms and 

introduce architectural features into uniform 3D slabs. At a fixed temperature, an applied 

force produces analogous structural transformations. The shape-changes are reversible: the 

systems return to their original structure when the temperature is reset or the force is 

removed. The findings provide guidelines for creating materials that interconvert thermal, 

chemical and mechanical energy to perform work. Such systems could be useful for 

designing soft robotic materials that convert environmental stimuli into useful functionality.  
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I. Introduction 

Loops are a ubiquitous and vital structural motif in biomolecules.
1
 The unfolding and 

refolding of loops in DNA and proteins enables the structural transformations that are crucial 

to the functionality of these biopolymers. The unfolding process releases the length of the 

coiled chain and thereby increases the extensibility of the biomaterials; the reversible 

refolding contributes to the elasticity of the system. Loops are also pervasive in synthetic 

polymer networks. Fixed, immutable loops can diminish the mechanical behavior of the 

network.
2,3

 Loops that undergo controllable unfolding and refolding would, however, 

increase the extensibility and elasticity of the gel. (It is noteworthy that modular polymers  

mimicking the unfolding and refolding of the protein titin 
4 

have been synthesized and were 

demonstrated to exhibit enhanced mechanical properties.
5,6

.) Such highly stretchable, elastic 

gels constitute ideal materials for creating artificial muscles, actuators and soft robotic 

systems. One challenge in creating these materials is establishing effective means to regulate 

the folding and unfolding of the loops embedded in synthetic gels. A second challenge is 

determining how the dynamic interactions between the gels and the loops affect the structural 

evolution of the material; this information is vital to harnessing the loop-containing gels for 

useful applications.  

Here, we develop theoretical and computational models that describe the synergistic 

interactions occurring between the polymer network and the embedded loops as these loops 

unfold (and refold). Using this model, we design stimuli-responsive gels that open and close 

the loops with variations in temperature or force. In the first case described below, we devise 

a thermo-responsive gel that expands with a temperature change and thereby generates the 

internal strain to unlock the loops. In this scenario, even an already swollen gel can be 

stretched beyond its initial, equilibrium degree of swelling and thus, the extensibility of the 

network can be dramatically increased. In the second case, we determine how an external 
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force can be utilized to reconfigure the gel. The latter stimulus is particularly useful when the 

gel is in collapsed state because the applied force causes the loops to unravel and thereby 

swell the shrunken network. Hence, the mechanical properties of both the swollen and 

collapsed gels can be dynamically tailored in these loop-containing networks. Notably, the 

processes in both scenarios are reversible: the loops refold when the temperature is reset or 

the forces are removed. Through our simulations, we also design a new form of patterned 

gels, where the loops are localized in specific regions of the network. We show that by 

“patterning with loops”, we augment the approaches used to reconfigure and actuate soft 

matter. 

Our specific system consists of a thermo-responsive gel that exhibits a lower critical 

solubility temperature (LCST). Here, we match our simulation parameters to capture the 

volume phase transition behavior of poly(N-isopropylacrylamide) (pNIPAAm), which 

expands as the temperature is lowered below C32o≈T  and contracts when T  is increased 

above this value.
7
 In our model, the loops are introduced between the cross-links in the 

network. We first examine how the swelling gel causes the loops to unfold as T is decreased 

below C32o≈T and determine the extent to which the network is extended through this 

process. As we show below, we can attain as much as a 38% increase in the lateral degree of 

swelling (and hence a factor of 2.5 increase in volume) even with small, embedded loop. 

With the loops confined to certain areas of the network, we demonstrate that uniform 

structures can be dynamically converted into complex architectures, which can provide the 

system with new functionality (e.g., asymmetric actuation). We then vary not only the 

placement of the loops, both also the geometry of the sample to design distinctive shape-

changing materials.  

We also examine the behavior of samples at  C32o>T , where the gel is collapsed 

and thus, cannot exert sufficient strain to extend the loops. Here, the applied force unbinds 
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the sites that maintain the closed loop and enables the network to assume a swollen structure. 

Notably, this extensional deformation allows the system to be reconfigured at constant 

temperature. The combination of “patterning with loops” and the extensional force provides a 

further means of tailoring reversible changes in the shape of the gel. 

We iterate that a distinctive feature of our system over other modes of patterning gels 

is that the loop-containing networks can be made to controllably (and repeatedly) release 

stored length. Consequently, by tailoring the length of the loops, we can dynamically and 

dramatically tailor the extensibility of the system. The changes in extensibility can be 

accomplished not only by varying temperature, but also at constant temperature with the 

application of force. Hence, the materials can be processed at a fixed temperature. This 

versatility and variations in extensibility are more difficult to achieve through other means of 

network modification. Finally, because the materials release stored length in response to 

internal strain or external pressure, they can be particularly useful as novel force sensors. 

Below, we begin by describing our new theoretical treatment and computational 

approach to determine the dynamic behavior of the loop-containing gels. Notably, recent 

experimental advances in synthesizing foldamer- 
8
 and DNA- 

9
 containing gels makes it 

possible to experimentally realize the predictions discussed further below. 

II. Methodology 

A. Theoretical model 

We consider the permanently cross-linked, swollen polymer gel schematically 

depicted in Fig. 1; the cross-links in the network are represented by grey solid circles and the 

chains between these cross-links are drawn in green. These chains contain reactive, labile 

bonds that are marked as the blue and red solid circles in the figure. In the undeformed state, 

these reactive sites bind to form a loop. When the network is mechanically deformed, the 

labile bonds break and cause the chain to unfold. If the deformation is released, the labile 
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bonds can come together to reform the loop, so that the network chains reassemble the initial 

folded conformation. In our model, the transitions between the looped and un-looped chain 

conformations mimic the reversible folding and unfolding transitions in biopolymers 
1,4

 and 

biomimetic modular synthetic polymers 
5,6

 caused by an applied force. 

A chain in the network contains ln+  Kuhn segments, with l  being the number of 

segments that form the loop (see Fig. 1). We assume that the time scale for the breaking and 

reforming of the bond between the reactive groups is longer than the time scale associated 

with conformational changes of the chain. Hence, the probability of the chain being in the 

unfolded conformation, Up , as a function of time t  is governed by the equation for the 

kinetics of bond rupture and formation 

 UfUrU pRkpRkdtdp )()1)((/ −−=  (1) 

Here, )(Rkr  and )(Rk f  are the respective rate constants of the bond rupture and formation 

that depend on the distance between the chain ends, R . The rate of bond rupture depends on 

R  because the stretching of the chain increases the force acting on the bond, and the force 

facilitates bond breakage. We utilize the Bell model 
10

 to take the latter effect into account, 

and hence the rupture rate is calculated as 

 
]/)(exp[)( 0

)0( TkRFkRk Bnrr γ=  (2) 

where 
)0(

rk  is the rupture rate at zero force, )(RFn  is the force needed to separate the ends of 

a chain of n  segments to the distance R , and 0γ  is the parameter that characterizes the 

sensitivity of the bond to the applied force. The loop does not contribute to )(RFn , which 

depends only on the number of segments n  in the unlooped part of the chain (Fig. 1). 

 The force acting on the bond is calculated according to the freely-jointed chain model 

(FJC),
11

 which accounts for the finite extensibility of the chain and yields the following 

expression: 
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])([)( 11 −−= bnR

b

Tk
RF B

n L  , (3) 

where 

 
1)coth()( −−= xxxL  (4) 

Here, )(xL is the Langevin function. In eq. (3), Bk  and T  are the respective Boltzmann’s 

constant and temperature, and b  is the length of the Kuhn segment. It is convenient to re-

write the dimensionless variable 
1)( −= bnRx  in eq. (4) in terms of the chain extension  λ as 

2/1 −= nx λ . Note that we take into account the finite chain extensibility because it has a 

strong effect on the rate of bond rupture, i.e., through the expression for )(RFn  
in eq. (2). 

 The rate constant for forming a labile bond, )(Rk f , depends on the chain end-to-end 

distance R  because to form a bond, the reactive units in the unfolded chain of ln+  segments 

must first come into contact, and the probability of contact, cP , depends on R . When in 

contact, the reactive units form a labile bond with the rate constant 
)0(

fk , and hence 

)0(
)()(

fcf kRPRk = . As in previous studies,
12–17

 it is assumed that 
)0(

fk  does not depend on 

the force acting on the bond. The probability of contact, )(RPc , is calculated using the 

conformational statistics of the polymer chain: )()0()()( 1 RPPRPRP nlnc += , where )(RPn  is 

the probability distribution function for finding the ends of a chain of n  segments at distance 

R apart. For the FJC model, this distribution function is 
11
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where 
2/11  )( −− == nbnRx λ . Through the equations for 

)0(
fk  and )(RPc , the rate of chain 

folding depends on both the total length of the chain ( )ln + and the length of the loop ( )l . 

 At steady-state,  0/ =dtdpU  so that eq. (1) results in 
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1
0

)0()0(
]}/)(exp[)(/1{)( −−+= TkRFRPkkRp BncrfU γ  (6) 

The above equation relates the probability of unfolding the loops to the characteristics of the 

bond formation and rupture, the length of the chain and the force acting on the loop. 

To proceed further, we must derive the necessary constitutive equation, which relates 

the stress and strain within the gel. The general relationship between the stress and strain for 

a polymer gel is described by the following equation:
18–20

 

Iσσ ˆ),(ˆˆ FHel Tπ φ−=  . (7) 

Here, elσ̂  is the contribution from the elasticity of the polymer chains, and ),(FH Tπ φ  is the 

osmotic pressure in the system according to the Flory-Huggins model 

]),()1log([),( 2
FH φφχφφφπ TT +−+−=  (8) 

where φ  is the volume fraction of polymer, and the function ),( Tφχ  describes the polymer-

solvent interactions, which depend on the volume fraction of polymer and temperature T . 

The gel elasticity contribution, elσ̂ , is usually introduced through the neo-Hookean model 

IBσ ˆ)2(ˆˆ 1
000

1
000el

−− −= φφφφ vcvc  (9) 

where 0c  is the cross-link density, 0v  is the volume of a monomeric unit, B̂  is the Finger 

strain tensor, and 0φ  is the volume fraction of the polymer in the as-prepared gel. Here, stress 

is measured in units of 0/ vTkB .  

 Equation (9) for elσ̂  is based on the Gaussian model of polymer chains and does not 

capture the finite extensibility of the unfolded chains. Since the latter effects are crucial in 

our system, we must modify the above expression. To do so, we use the following 

generalization 
21

 of eq. (9) for the FJC model: 

IBσ ˆ)()2(ˆ)()(ˆ 0
1

000
2/11

000el nvcnvcn ζφφλζφφ −−− −=  . (10) 
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Here, )()3()( 11 xxx −−= Lζ , where )(1 x−
L  is the inverse Langevin function, 

)()( 2/1
0

−= nn ζζ , and λ  is the average strain calculated as 3/)( 2
3

2
2

2
1 λλλλ ++=  with 1λ , 

2λ , and 3λ  being the principal strains. In contrast to eq. (9), the stress tensor in eq. (10) 

explicitly accounts for the finite chain extensibility through the inverse Langevin function, 

which, in turn, depends on the number of Kuhn segments n  in a network chain. Figure 2 

shows that the model with finite extensibility (eq. (10)) results in a lower extension than the 

model that utilizes the neo-Hookean gel elasticity (eq. (9)); the parameters used for this 

calculation are given further below and in the figure caption.  

In the systems considered here, some of the chains are in the folded state and some 

chains are in the open configuration. We assume that the deformation of the gel is affine, so 

the contributions of the folded and unfolded chains to the network elasticity are additive.
11,22

 

The resulting constitutive equation is 

 Iσσσ ˆ),()(ˆ)](1[)(ˆ)(ˆ FHelel Tnplnp UU φπλλ −−++=      (11) 

where )(λUp  is the probability of chain unfolding at the average degree of stretching λ . 

The probability of unfolding is found from the equation for the bond kinetics, eq. (1), or from 

eq. (6) for the steady-state scenario. In eq. (11), it is implicitly assumed that all network 

chains in the gel contain the reactive groups. This restriction could be easily modified to the 

case when only a fraction of the network chains contains such sites. 

B. Computational model 

The above analytical equations are used to simulate the dynamic behavior of the loop-

containing gels with the aid of our gel lattice spring model (gLSM) computational technique 

18–20
 briefly outlined below. The 3D gLSM combines a finite element approach and a finite 

difference approach and thus, allows us to numerically solve the elastodynamic equations that 

characterize the behavior of chemo-responsive polymer gels. We originally developed the 

Page 8 of 29Soft Matter



 9

gLSM to capture the dynamic behavior of self-oscillating polymer gels undergoing the 

Belousov-Zhabotinsky (BZ) reaction 
18,23,24

 and used this approach to examine the response 

of these BZ gels to an applied force,
25–28

 with our predictions being validated by 

corresponding experiments.
28

 For example, we examined the effect of applying a 

compressive force P to the ends of a BZ gel confined in a capillary tube. Our computer 

simulations revealed that the compression of the BZ gel leads to a stiffening of the sample 

due to an increase in the cross-link density.
27

 In another study, we modified the gLSM to 

account for the formation of additional, reversible cross-links in response to a change in the 

degree of oxidation of polyacrylamide-based BZ gels; we obtained excellent agreement 

between our findings and the corresponding experiments.
29

  

Recently, we modified the gLSM to simulate the dynamics of photo-responsive gels, 

which encompass chromophores that undergo a light-induced isomerization reaction.
30–32

 We 

also adapted the model to describe the dynamic behavior of thermo-responsive gels that 

contain embedded posts, which undergo an exothermic chemical reaction with reagents in the 

surrounding solution,
33

 capturing the observed behavior and predicting new properties that 

were validated by the experiments.
33

 We now augment our 3D gLSM to take into account the 

finite extensibility of the chain, as described below. 

The gLSM is based on the two-fluid model for polymer networks.
34–36

 The dynamics of 

the polymer network is assumed to be purely relaxational, so that the forces acting on the 

swollen, deformed gel are balanced by the frictional drag due to the motion of the solvent. It 

is also assumed that the gel motion occurs solely due to the polymer-solvent interdiffusion. 

Hence, the velocity of the polymer, 
)( pv , can be calculated as 

19
 

σv ˆ)1()( 2/3
00

)( ⋅−Λ= − ∇∇∇∇φφφp
 , (12) 

where 0Λ  is the kinetic coefficient, which is inversely proportional to the polymer-solvent 

friction coefficient 0η . In the computer simulations, we choose some 0l  and 0t  for the 
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respective units of length and time, and stress is measured in the units if 0/ vTkB , where 0v  

is the volume of a monomeric unit within a polymer chain. Then, the kinetic coefficient 0Λ  

is dimensionless and calculated as 
19

 11
0

2
0000 )( −−=Λ tlvTkB η  .  

Within the framework of the gLSM, a 3D gel sample is represented by a set of general 

lineal hexahedral elements.
37,38

 Initially, the sample is undeformed and consists of  

)1()1()1( −×−×− zyx LLL  identical cubic elements; here iL  is the number of nodes in the i -

direction, zyxi ,,= . In the un-deformed state, each element is characterized by the same 

volume fraction 0φ  and cross-link density 0c . Upon deformation, the elements move 

together with the polymer network so that the amount of polymer and number of cross-links 

within each hexahedral element remain equal to their initial values. Correspondingly, the 

volume fraction of polymer in the element ),,( kji≡m  is determined as )(/)( 3
0 mm V∆=φφ , 

where ∆  and )(mV  are the un-deformed element size and volume of the deformed element, 

respectively.  

The gel dynamics is described through motion of the nodes of the elements caused by 

the forces acting on these nodes. In order to determine the nodal forces, we use the finite 

element approximation to calculate total energy of the gel as  

 ∑∆= m
m)(3 uUtot      , (13) 

where the contribution from the element m , )(mu , depends only on the coordinates of the 

nodes of this element denoted as )(mrn , 8,,2,1 K=n . (Note that )(mu  is the gel energy per 

unit volume of the un-deformed element.) As a result, the force acting on each node is given 

by the equation 

)(
)(

mr
mF

n

tot
n

U

∂
∂

−=   . (14) 
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The same node can belong to several elements, so the right hand side of the above equation 

contains contributions from all elements adjacent to a given node. Finally, the velocity of the 

node is proportional to the force and is determined from an equation similar to eq. (12) 

 )()(
)(

mFm
mr

nn
n M
dt

d
=    , (15) 

where )(mnM  is the mobility of the node proportional to the kinetic coefficient 0Λ . Further 

details on the derivation and functional forms of )(mFn  and )(mnM are given in ref. 20. 

The stress-strain relationships discussed in the previous section are introduced into the 

gLSM through the appropriate choice of the gel energy per unit volume in the un-deformed 

state, ),( 31 IIu , as a function of the first, 1I , and third, 3I , invariants of the strain tensor B̂

.
18–20

 The correspondence between ),( 31 IIu  and the stress-strain relationship is established 

through the following equation: 
39

 

 IBσ ˆ2ˆ2ˆ 33
2/1

31
2/1

3 IwIwI −− +=  (16) 

where  

 ),( 31 IIu
I

w
i

i ∂
∂

=   . (17) 

After specifying ),( 31 IIu , the finite element approximation is applied to determine the 

element energy density )(mu  as described in ref. 20. 

The stress-strain relationships given by eqs (7)-(9) correspond to the following choice 

of the energy density: 
35,36,40

   

 )(),(),( 3FH31G31 IuIIuIIu +=    , (18) 

where 

 )ln3(
2

),( 2/1
31

00
31G II

vc
IIu −−=  (19) 
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represents the neo-Hookean model for the elasticity of a polymer network that involves 

Gaussian chains. The second term on the right hand side of eq. (18) describes the polymer-

solvent interaction according to the Flory-Huggins model: 

 [ ])1(),()1ln()1()( 2/1
33FH φφφχφφ −+−−= TIIu FH    . (20) 

In eq. (20), the volume fraction of polymer φ  itself depends on 3I  as 2/1
30
−= Iφφ , where 0φ  

is the volume fraction of polymer in the un-deformed state. The interaction parameter 

),( Tφχ  in eq. (8) is related to the Flory-Huggins interaction parameter ),( TFH φχ  in eq. (20) 

as ),()1(),(),( TTT FHFH φχφφχφχ φ∂−+= . 

 As noted above, we now take into account the finite extensibility of the chains by 

using the FJC model. The corresponding energy density is written as: 
21

 

)();,(),( 3FH31FJC31 IunIIuIIu +=  , (21) 

where 

 ]ln)(3)([
2

);,( 2/1
301

2/100
31FJC InIn

vc
nIIu ζλζ −−= −    . (22) 

By applying eqs (16) and (17) to eqs (21), we obtain the stress-strain relationships given by 

eqs (7), (8) and (10).  

 Equations (21) and (22) are further modified to describe the gel containing the loops, 

which are unfolded with the probability Up . The resulting gel energy density is given by 

following equation (cf. eq. (11)): 

 )();,()1();,(),( 3FH31FJC31FJC31 IunIIuplnIIupIIu UU +−++=  . (23) 

 Finally, we note that the above formulation can be used to model heterogeneous gels, 

which encompass domains that contain loops and domains that do not. In particular, the 

contributions of the elements to the gel energy are additive, eq. (13), and hence, the function 

)(mu , which specifies the gel structure and properties, can differ from area to area.  
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C. Model parameters and verification of computational approach 

We modeled the gel by using the parameters for poly(N-isopropylacrylamide) 

(pNIPAAm) from the relevant experimental values.
7
 The volume fraction of polymer and the 

cross-linker density were calculated to be 12900 .=φ and 4
0 1045 −×= .c . The number of Kuhn 

segments of polymer chains between cross-links was chosen to be 4=n . For the gels 

containing loops, the volume fraction of polymer is calculated as 0 (1 / )l nφ φ= +
 where l is the 

number of Kuhn segments in the loop. The polymer-solvent interaction for pNIPAAm-water 

was taken to be 
7
 φχχφχ 10 )(),( += TT . The temperature dependence of the Flory-Huggins 

coefficient is given as: 1
000 )](][)([)( −++−= TTksTThT Bχ  where 01246 .−=h , 7174.=s ,

152730 .=T , 38071.=Bk and 51801 .=χ . The dimensionless kinetic coefficient was chosen to 

be 1000 =Λ .
20

 In our gLSM simulations, the dimensionless units of time and length 

correspond to ∼1s and ∼40 µm, respectively, for the given choice of parameters.
18–20

 

For affine deformations, the degree of swelling (λ  in Fig. 2) is equal to the chain 

extension, so the same notation is used for the both values. The degree of gel swelling λ  is 

defined as the lateral extension of the gel sample i.e., 0ll /=λ where l  is the length of the gel 

sample along the specified direction and 0l  is the length of the reference gel. We simulate the 

equilibrium swelling of a pNIPAAm gel as a function of temperature for various numbers of 

Kuhn segments in the loop. We carried out gLSM simulations with 444 ××  grid elements. To 

verify the gLSM approach, in Figs. 3 and 4, we compare the results of the gLSM simulations 

with numerical solutions of the constitutive equation, eq. (11), which  were obtained using 

Mathematica
TM 

 . The agreement between the output from the gLSM simulations and the 

numerical solutions obtained from Mathematica
TM

 in both plots validates our computational 

approach. Such comparisons can be made for the limiting case of a small homogeneous 
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sample; to model the larger, heterogeneous samples described further below, we must use the  

the gLSM simulations. 

Figure 3 shows the dependence of the probability of unfolding, Up , in the steady-

state on the chain extension  λ (see eq. 6) for various values of 0γ , the parameter 

characterizing the sensitivity of the bond to the applied force. The plots exhibit agreement 

between the data points obtained from the gLSM simulations and the lines from numerical 

solutions of eq. (6). The data also reveal that the unfolding occurs at progressively lower 

chain extensions as the dimensionless parameter b/0γ  is increased. (The latter parameter 

characterizes the sensitivity of the bond rupture to force.) Moreover, at higher values of b/0γ

, the gels display a smoother transition from the folded to unfolded state of the loops. In 

following discussion, we fix the value of  b/0γ = 2.15. 

 Figure 4 shows the degree of gel swelling,  λ , as a function of temperature for 

isotropic swelling at various numbers of Kuhn segments in the loop, l . Again, the plots 

reveal the agreement between the data points obtained from gLSM simulation, eq. (15), and 

the lines obtained by solving eq. (11). For longer loops, 3,4 and 5l = , the value of  λ  

exhibits distinctive jumps at lower temperatures. These jumps correspond to the unfolding of 

the loops and release of their stored length.  

III. Results of 3D simulation 

A. Effect of varying temperature 

 1. Square- and rectangular-shaped gels. We use our modified gLSM to simulate the 

behavior of gels of various shapes and spatial distributions of loops. To simulate 

inhomogeneous systems, which encompass regions with and without loops, we must use the 

gLSM. Initially, the polymer volume fraction φ  in every gel element is set to the equilibrium 

value attained at C30°=T . In the absence of loops, the freely jointed chains (FJC) between 
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each cross-link have 4=n  Kuhn segments in length. The loops are also composed of FJCs 

and are 5=l  Kuhn segments in length. The majority of the loops remain closed at the initial 

temperature of C30°  (see the line in Fig. 4 for n = 4 and l = 5).  

When the temperature is decreased from C30° to C15° , the swelling of the LCST gel 

leads to a buildup in the force acting on the loops. This increase in force, in turn, increases 

the rate of bond breaking (see eq. (2)) between the sites that hold the loop together and 

thereby causes the loop to unfold. The consequent release of stored length provides a 

significant difference in the swelling between gel elements with loops and without loops, as 

can be seen by comparing the plot in Fig. 4 for 5=l  and 0=l . Notably, that the value of λ  

is 38% greater for the 5=l  case than for 0=l .  

Conceptually, these results are similar to recent experimental findings on polymer 

gels that contain a chromophoric foldamer, 
8
 which formed a single loop in the folded state. 

When placed in an organic solvent, the gel was significantly swollen and the foldamers 

became unfolded. The unfolding was detected by a change in the color of the sample. The 

chemo-mechanical interaction described in the latter system is similar to the phenomena 

occurring in our system: an environmentally-induced swelling of the gel leads to a 

mechanical breaking of the bond that held the loop together. The process in the experiments 

is reversible; the foldamers return to the folded configuration with a change in solvent. These 

experiments illustrate two important points with respect to our studies. First, the swelling of a 

gel can generate the internal force that is sufficient to break the chemical bonds that bind 

loops.
8
 Second, researchers can synthesize gels with a relatively uniform distribution of 

loops. 

Given the ability to synthesize such chemo-mechanically responsive loop-containing 

gels, as well as the chemically identical matrix that does not contain foldamers, it seems 

feasible to bind pieces of these similar gels together 
41,42 

to form heterogeneous networks 
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such as those in Fig. 5. Here, specified regions of the responsive gel contain loops, while 

other regions do not and hence, this structure is achieved by “patterning with loops”. Through 

the various examples below, we show that the system displays thermo-mechanical behavior 

that drives the gels to undergo reversible morphological transitions. 

The gel sample in Fig, 5a has a bilayer structure, where all the elements in the top 

layer are devoid of loops, but all the elements in the lower layer do contain the loops. With a 

decrease in temperature, the unfolding of the loops in the bottom layer extends this region 

beyond the equilibrium degree of swelling attained in the top layer. Such relative differences 

in swelling within a given material can lead to pronounced morphological transitions.
43–45

 

With the patterning in Fig. 5a, the differential swelling causes the gel to bend as shown in 

Fig. 5b. Thus, the loops convert a flat, two-dimensional layer into a three-dimensional 

structure.  

This mode of patterning can also be used to turn a rectangular slab into a complex 

form. The examples in Fig. 5c and 5e highlight different alternating arrangements of loops in 

a vertical bar block. Figures 5d and 5f show the morphology of the respective samples when 

the temperature is decreased, revealing that the loop-containing elements on the surface bulge 

outward from the gel. (The interior loop-containing elements are constrained from significant 

expansion by all the neighboring elements.) Hence, the loops can be utilized to create distinct 

relief patterns or preferentially actuate just certain portions of the material and thus imbue the 

material with new functionality. For instance, due to the localized protrusions, a single slab of 

gel can provide a series of valves that simultaneously shut off (and re-open) different regions 

of a chamber in a microfluidic device.  

2. Cutting the samples: complex shapes and holes. The mode of actuation can be 

tailored further by changing the geometry of the sample. This is illustrated in Fig. 6, where 

we considered a gel that encompasses four pads (petals) around the central square (core). In 
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effect, we have cut a large bilayer into a more complex geometry. By placing the loops in the 

bottom layer of the pads and the top layer of the central domain, the shape can be 

controllably distorted so that the pads and central square form the respective convex and 

concave structures. Hence, the previously flat layer now resembles four flower petals that 

emanate from a dome-shaped core. More generally, the figure shows that we can generate 

geometric surfaces of different mean and principal curvatures by preferentially localizing 

loops into complex shapes. By increasing the aspect ratio of the pads, the sample can 

encompass rectangular protrusions, which could act as arm-like appendages in soft robotic 

systems. 

Another means of accentuating the differences in local curvature is to introduce holes 

into the sample 
46,47

. This behavior can be seen by comparing the local curvature in uncut and 

cut samples where the loops are confined to the bottom of the bilayer. The uncut sample in 

Fig. 7a is seven elements in length and width, and two elements in height. Introducing a hole 

between each adjacent element leads to the checkerboard arrangement in Fig. 7b. 

As a measure of the local curvature, we determine the mean curvature H 
48

 and the 

vertical height (in the z-direction) at every node; the color bar in Fig. 7d indicates the 

magnitude of H. In the uncut sample, the elements along the edge are less constrained than 

the interior pieces and thus, can swell more than the interior domains. Hence, the edges 

exhibit the highest height from the z=0 plane and all the edge sites lie at the same height. As 

described further below, in the cut sample, all the edge elements are not identical. Complex 

interactions lead to the height variation in Fig. 7d. The blue edge pieces attain the greatest 

height because steric interactions between these neighboring sites mutually “push” each other 

upwards as the loops swell. Importantly, a comparison of Figs. 7c and 7d reveals that the 

presence of the holes enables the cut sample to display greater variations in height (and thus 

curvature). 
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 To understand the subsequent behavior, it is best to orient the sample as shown in 

Fig. 8a-b. As can be seen, the center of the sample along the x-direction is formed from one 

column of elements, while the center of the sample along the y-direction is formed from two 

columns having the same number of elements. This asymmetry affects the subsequent 

structural development as the temperature is lowered and the loops are unfolded. In 

particular, each central column along the y-direction is sterically constrained by the equally-

sized neighboring column. Hence, the elements in these two vertical columns are more 

hindered from swelling than the other elements.   

Notably, the cut sample in Fig. 8a-c shows the salient behavior seen in prior studies of 

mechanically deformed elastomers and porous materials. 
46,47

 Namely, the shapes of the holes 

are altered by the deformation. This variation in hole shape throughout the sample can lead to 

local variations of the mechanical properties within the gel and mechanical behavior that is 

distinct from the uncut material. We can tailor the behavior of the gels further by designing 

materials that contain both the holes and localized placement of the loops. Figure 8d-f shows 

the effects of varying the placement of loops within these cut materials. With the loops in the 

top layer, the upper layer is more expanded and the pads curve downwards. Correspondingly, 

with the loops in the bottom layer, the pads curve upward. 

B Effect of applying an external force 

In this section, we consider the effect of an external force on the swelling of gels that 

contain loops. We first consider the idealized case, when a cube-shaped gel swells uniformly 

both along and perpendicular to the direction of the applied force of value gF , so the strain 

tensor is diagonal: 
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Here, λ  and ⊥λ are the degrees of swelling along the longitudinal and transverse directions, 

respectively. By balancing the forces in these two orthogonal directions (see eqs. (7), (8) and 

(10)), we obtain the following equations to determine the equilibrium values of λ  and ⊥λ : 

 )()()](2)([ FH
2

00
121

000 φπλλλλφφ =+− −
⊥

−−
gFhPPvc  (25) 

 )()](2)([ FH0
121

000 φπλλλφφ =− −
⊥

− PPvc  (26) 

In the above equations, 0h  is the un-deformed gel size, the functions P  and 0P  depend on 

3/)2(
22
⊥+= λλλ , and are defined as 

 )()](1[))(()()( 2/12/1 −− −++= nplnpP UU λζλλζλλ    , 

 )()](1[)()()( 000 nplnpP UU ζλζλλ −++=    . 

Here, the functions Up , ζ , and 0ζ  are given in Section II. In eqs. (25) and (26), the volume 

fraction of polymer is taken as a function of λ  and ⊥λ , i.e, , 
21

0
−
⊥

−= λλφφ . Finally, it is 

convenient to introduce the dimensionless force 0/ FFF g= , where the unit of force is 

2
0000 hvcF = . 

 We solve eqs. (25) and (26) numerically, and compare the results with the results of 

the gLSM simulations. We find that the applied force F serves to increase the gel swelling.  

Namely, comparison of Figs. 4 and 9 reveals that the degree of gel swelling is greater when 

the external force is applied than when the loops unfold solely due to the internal strain 

(which arises from the expansion of the gel with increases in temperature).  

As in the previous section, we consider a bilayer gel sample; however, we use the 

applied force as a tool to examine a different type of loop patterning. In particular, the bottom 

layer does not contain loops, but the top layer contains the pattern of loops and no loops 

shown in Fig. 10a. Using the gLSM, five nodes in both layers at the left most end of the gel 

are held fixed; a constant tensile force F (F = 80) is applied along this nodal region at the 
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opposite end of the sample. The temperature is held fixed at 30°C. As the force starts to 

stretch the gel, the probability of unfolding increases and the gel elements with loops unfold. 

This causes a difference in swelling between elements with and without loops; consequently, 

the two layers show different curvatures (see Figs. 10b-c). Here again, we see that the 

patterning with loops can be used in conjunction with the applied force to transform a flat 

sheet into a curved structure.  

As the above results indicate, force and temperature can be used as independent 

variables to swell the gels. Namely, Section III.A shows that below the volume phase 

transition temperature (T~32°C), the extensibility of even swollen gels can be increased by 

decreasing T to unfold the loops. Figure 11a shows a snapshot when a bilayer with loops in 

the bottom layer is held at T=30°C and the sample is subjected to a tensile deformation. Here 

the force is increased in increments of 0.001 every simulation time step.  

On the other hand, if the system is constrained to lie above the volume phase 

transition temperature, then even initially collapsed gels can be swollen to some extent by the 

application of force. Figure 11b shows that the loop-containing bottom layer is swollen 

relative to the structure of the layer in the presence of force at T=33.5°C. These findings also 

demonstrate that even when the loop-containing gels are held at a constant temperature, the 

sample can be controllably reconfigured through an external force. 

IV. Conclusions 

We developed a theoretical model to capture the cooperative interactions that occur as 

stimuli-responsive gels trigger the unfolding of embedded loops (stored length) and the 

unfolding loops in turn stretch the overall network. To this end, we derived the kinetic 

expressions for the loop dynamics and formulated a constitutive equation that characterizes 

the elasticity and finite extensibility of the loop-containing gel. We incorporated these newly 

derived expressions into our 3D gel lattice spring model (gLSM) to simulate the structural 
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changes that happen within the system in response to external stimuli. In particular, we 

designed thermo- and mechano-responsive materials where temperature or an applied force 

leads to the unfolding of the loops and significant enhancements in the extensibility of the 

materials. The processes are reversible: the loops refold when the temperature is reset to the 

initial value or the force is released.  

 With this gLSM approach, we showed how the equilibrium degree of swelling, λ , 

depends on the loop length; notably, λ  increased by a factor of 38% when l was increased 

from l = 0 to l = 5 at T = 15°C , yielding a 2.5 increase in the volume of the sample. Taking 

advantage of this differential in the degree of swelling, we designed heterogeneous networks 

that encompass specific arrangements of the loop-containing domains. Using this “patterning 

with loops”, we devised gels that undergo distinctive shape-changes. For these LCST gels, a 

decrease in temperature causes the gel to expand and release the stored length in the loop-

containing domains. This mode of patterning provides a new means of reconfiguring and 

actuating responsive gels. Consequently, square and rectangular structures can be 

controllably reconfigured to exhibit pronounced curvature and architectural features. With the 

appropriate placement of loops, the system can be actuated asymmetrically so that one face or 

region is more swollen than the rest of the sample. In this way, the sample can display new 

functionality or undergo directed motion.  

 In scenarios where the temperature is fixed, an applied force can be used to 

reconfigure and actuate gels patterned with loops. This attribute is particularly useful in cases 

where the operating conditions are constrained to lie above the volume phase transition 

temperature, where the LCST gels are in the collapsed state. The external force leads to the 

unfolding of the loops and the introduction of swollen domains and curved surfaces into the 

shrunken material, allowing the gel to be used for new applications. 
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The findings highlight a responsive system that can interconvert thermal, chemical 

and mechanical energy to perform a function. Such systems could be useful for designing soft 

robotic materials that translate environmental changes into useful work. Given recent 

advances in the synthesis of foldamer-
8
 and DNA-

9
 containing gels, our predictions could be 

tested and the model systems described here could be experimentally realized. 
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Figure Captions 

Fig. 1 (Top) Schematic of a polymer gel network containing loops in folded and unfolded 

state. Polymer network is represented in green. Grey solid circles represent crosslinks and the 

reactive labile bonds are shown in red when open and in blue when bonded and forms a loop. 

The bottom panel displays a magnified representation of the chains with n  Kuhn segments 

containing loops with l  Kuhn segments in folded (left) and unfolded state (right). R  is the 

chain end-end distance. 

 

Fig. 2 Lateral extension of the gel (λ ) with temperature. Extensions of the gel following the 

linear chain elasticity (eq. (9) ) is represented by black dashed lines while the red line shows 

the extension for gels characterized by the constitutive equation  which accounted for chains 

with finite extensibility eq. (10). The polymer-solvent interaction for the pNIPAAm-water 

system was taken to be 
7
 φχχφχ 10 )(),( += TT  where 1

000 )](][)([)( −++−= TTksTThT Bχ  and 

51801 .=χ . The value of the parameters 
7
 are 01246 .−=h , 7174.=s , 152730 .=T , and 

38071.=Bk . Number of Kuhn segments in the chain 4=n . The gel parameters are 12900 .=φ

and 4
0 1045 −×= .c . 

 

Fig. 3 Probability of unfolding up  of the loop in steady-state as a function of chain extension 

λ  for different force sensitivity parameter 0γ .The length of Kuhn segment b  is assumed to 

be 1. The volume fraction of the gel with loop of Kuhn segment l  is calculated as )/( nl+10φ

.As 0γ  is increased, the unfolding probability increases gradually to 1 at lower extensions. We 

use the value of 0 2.15γ = in our gLSM simulations. 
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Fig. 4 Lateral extension of the gel λ  as a function of temperature T  at various numbers of 

Kuhn segments l  in the loop part of the chains. Lines show numerical solutions obtained by 

solving eq. (11) using the Mathematica
TM

 software; results of the gLSM simulation are 

denoted by open circles. The gel dimension for the gLSM simulations is 444 ×× . The plot 

shows excellent agreement between the two approaches. As the number of Kuhn segments in 

the loops increases, the gel extension becomes greater at lower temperatures. The prominent 

jump in the extension ( 3, 4 and 5l = ) at lower temperature corresponds to unfolding of the 

loops as the gel swells.  

 

Fig. 5 Shape changes due to gel swelling in square and rectangular shaped gels with patterned 

placement of loops. (a, c and e) shows the initial equilibrium configuration of the gel sample 

at CT °= 30 . Unless explicitly mentioned in all the figures, the light gray elements denote 

polymer gels without loops containing 4=n   Kuhn segments, the black elements represent 

gels with loops having 4=n  and 5=l  Kuhn segments and the volume fraction at CT °= 30  is 

0.105. Gel dimensions are (a) 2618 ×× , (c) 1488 ×× , and (e) 1488 ×× . The equilibrated gel 

sample at C°15  is shown in (b, d and f). The color bar represents the volume fraction φ  of 

the gel elements. 

  

Fig. 6 Gel patterned with four pads and a central square. The initial equilibrium configuration 

of the gel sample at CT °= 30  is shown in (a). The pad dimension is 299 ×× , and the central 

region is 21212 ××  with 233 ××  elements at each corner being part of the pad. As temperature 

is changed to C°15 , the gel swells upon equilibration. The swelling differential between the 

elements with and without loops results in a flower pattern, where the central region is 

concave, and the four pads representing the petals are convex. 
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Fig. 7 Mean curvature H for different gel patterns. The equilibrium configuration at CT °= 15  

for a bilayer gel sample of dimension 277 ××  is shown for the patterns (a) without and (b) 

with holes. The mean curvature of the gel samples are shown in (c) and (d). The difference 

between the maximum and minimum value in the z direction for the entire sample is denoted 

by z∆ . The curvature of sample (b) is greater as seen from the mean curvature and the z∆  

value. 

 

Fig. 8 Gel patterns containing holes. Figure (a) represents a bilayer like pattern with gel 

elements containing loops in the bottom layer and elements without loop in the top layer, and 

with the alternate elements removed. The sample is equilibrated at CT °= 30 . The gel 

dimension is 277 ×× . The equilibrated gel sample at CT °= 15  is shown (b) top-view and (c) 

side-view. Gel sample with holes divided into four quadrants. Each alternating quadrant has 

loops placed in opposite layers as shown in (d). The sample in (d) shows the equilibrated 

configuration at CT °= 30 . The equilibrated gel sample at CT °= 15  is shown (e) top-view. 

Side-view (f) of the sample exhibits both concave and convex regions because of the 

alternating loop placement. 

 

Fig. 9 Lateral extension of the gel (along the direction of force) λ as a function of temperature 

for various numbers of Kuhn segments l in the loop part of the chains under the effect of a 

tensile force ( 0.7F = ). Numerical solutions obtained with Mathematica
TM

 software are 

represented by lines; the results of the gLSM simulation are denoted by open circles. 

Comparison to Fig. 4 shows that application of force enhances swelling of the gel. 
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Fig. 10 Effect of force on a gel sample patterned with loops. (a) Top figure shows the initial 

patterned gel sample of dimension 21010 ×× . At one end, five nodes of both layers are fixed; 

a constant force is applied on the five nodes (shown in red) at the opposite end. The bottom 

figure shows the equilibrated gel sample at CT °= 30 . The final gel configuration under the 

effect of a constant force ( 80=F ) as seen from top (b) and bottom (c). 

 

Fig. 11 Gel swelling under the application of force.  Starting from an equilibrated flat bilayer 

gel sample of dimension 277 ×× , with loops placed only in the elements of the bottom 

layers. One end of the samples are fixed along the x-direction but are free to move in the y-z 

direction. A force ramp of  0010.=∆F  is applied the other end along the x-direction.  The 

figure shows the final configuration before rupture for bilayer gel samples at (a) CT °= 30  

and (b) CT °= 533 . . The degree of swelling is very high for the sample below the critical 

temperature at CT °= 30 as seen in (a). Even above the critical temperature, at CT °= 533 . , the 

sample swells due to unfolding the loops by the applied force.  
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Graphical Abstract 

Modeling shape changes in gels that arise from the thermally or mechanically 

induced unfolding (and refolding) of embedded loops. 
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