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Abstract

This companion study presents the biomechanical analysis of the “I-Wire” platform using a 

modified Hill model of muscle mechanics that allows for further characterization of construct 

function and response to perturbation. The I-Wire engineered cardiac tissue construct (ECTC) is a 

novel experimental platform to investigate cardiac cell mechanics during auxotonic contraction. 

Whereas passive biomaterials often exhibit nonlinear and dissipative behavior, active tissue 

equivalents, such as ECTCs, also expend metabolic energy to perform mechanical work that 

presents additional challenges in quantifying their properties. The I-Wire model uses the passive 

mechanical response to increasing applied tension to measure the inherent stress and resistance to 

stretch of the construct before, during, and after treatments. Both blebbistatin and isoproterenol 

reduced prestress and construct stiffness; however, blebbistatin treatment abolished subsequent 

force-generating potential while isoproterenol enhanced this property. We demonstrate that the 

described model can replicate the response of these constructs to intrinsic changes in force-

generating potential in response to both increasing frequency of stimulation and decreasing 

starting length. This analysis provides a useful mathematical model of the I-Wire platform, 

increases the number of parameters that can be derived from the device, and serves as a 

demonstration of quantitative characterization of nonlinear, active biomaterials. We anticipate that 

this quantitative analysis of I-Wire constructs will prove useful for qualifying patient-specific 

cardiomyocytes and fibroblasts prior to their utilization for cardiac regenerative medicine.
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1. Introduction

Three-dimensional engineered cardiac tissue constructs (ECTCs) fill an important gap in 

understanding cardiomyocyte (CM) function, fibroblasts, and the extracellular matrix (ECM) 

they produce in a physiologically relevant, in vitro context. ECTCs exemplify the challenges 

associated with characterizing a nonlinear, dissipative, active biomaterial with a 

mathematical model. We developed the “I-Wire” ECTC platform to probe the function of 

CMs while both the applied force and length are changing during auxotonic contraction [1]. 

This ECTC design better approximates the environment in vivo, since CMs contract against 

the changing load of ventricular pressure in their native environment. While the I-Wire 

offers useful insights into CM mechanics and function, the dynamically changing length and 

force can make analysis more complex than a simple isometric or isotonic contraction. Here 

we have developed an analysis strategy that permits extraction of different CM and ECTC 

properties and physiologic responses.

The force-generating capacity of cardiac muscle is inherently dependent on length, passive 

stiffness, and velocity of contraction [2–4]. A simple model for muscle mechanics that 

includes damped parallel and series elastic springs was originally proposed by Hill, and it 

has been used to describe striated muscle mechanics in many contexts [2;5–9]. Although the 

Hill model has limitations, it has been used and modified in numerous applications, such as 

predictions of the relevant mechanics involved in heart failure and interventional treatment 

strategies [10–14]. The objective of this work is to use a modified Hill model to predict 

changes in CM mechanics in the I-Wire construct to gain insight into clinically relevant 

mechanical effects, and to demonstrate the detailed characterization of an active tissue 

equivalent of significant clinical interest.

2. Methods

2.1 ECTC creation and measurement

ECTCs were formed and their mechanical response to increasing, perpendicularly applied 

force was measured as already described [1]. Briefly, CMs were isolated from neonatal rat 

hearts and embedded in a fibrin matrix in a polydimethylsiloxane (PDMS) mold and allowed 
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to form a 3D cable suspended in media and anchored on conductive wires (Fig. 1A). To 

create longitudinal tension in the construct, a translatable stage applies transverse force to 

the construct with a flexible probe, and the deformation of the probe in response to the force 

applied to the construct allows for precise measurement of both the tensile properties and the 

developed force in the construct over the course of a contraction (Fig. 2B). Contraction was 

stimulated by a 5 ms pulse (six times threshold) delivered through the anchoring wires, and 

probe position was recorded at 200 frames per second. For each contraction condition, seven 

successive contractions were averaged. The passive and peak developed force, as presented 

in the companion paper, were calculated as the transverse force exerted on the probe by the 

construct (FP) and were proportional to the deflection of the probe from center (Δs1) 

multiplied by the stiffness of the probe (KP); (Fig. 1F of [1]) and Eq. (1). The following 

equations describe how to transform a transverse force applied by the probe by stage 

displacement to a longitudinal force along the length of the construct (FC). We start with 

Hooke’s law:

(1)

The lateral deflection of the probe tip (Δs1) and the lateral displacement of the construct 

midpoint (Δs2) sum to the total deflection of the stage (Δs):

(2)

Δs2 can be calculated from the extension of the construct (ΔL) according to the Pythagorean 

Theorem

(3)

which in turn can be substituted into Eq. (2), and further into Eq. (1) to yield

(4)

(5)

which describe the transverse force in terms of construct stretch along its length and initial 

stage displacement. Finally, FP is balanced by the lateral component of force developed 

along the construct direction in both halves of the construct. Simple trigonometry shows that
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(6)

as derived in the Supplementary Material.

Action potentials in the ECTC were recorded by using floating micropipettes filled with 3-M 

KCl [15]. The micropipettes were pulled from borosilicate glass capillaries (WPI, Sarasota, 

FL, USA) by a micropipette puller (P80/PC, Sutter Instruments, Novato, CA, USA). The 

tips of the micropipettes were mounted on a platinum wire of 50 μm diameter. The reference 

Ag/AgCl electrode (EP8, WPI, Sarasota, FL, USA) was placed in the well next to the PDMS 

insert. The electrodes were connected with a dual differential electrometer (Duo 773, WPI, 

Sarasota, FL, USA) and signals were digitized, visualized, and recorded by a digital 

oscilloscope (TDS5034B, Tektronix, Beaverton, OR, USA). The sampling rate was 25 kHz. 

The recorded data were processed with a Savitzky-Golay digital filter (OriginLab, 

Northampton, MA, USA). To inhibit contractility, the excitation-contraction uncoupler 

blebbistatin (Sigma-Aldrich, St. Louis, MO, USA) was applied at a concentration of 6 μM.

2.2 Model development

In recognition of the complexity of cardiac tissue as a biomaterial, we divided the parallel 

elastic resistance term in the traditional Hill model to differentiate the passive contributions 

of actin myosin interactions and other passive mechanical linkages, including microtubules, 

z-discs, and extracellular matrix. The second passive element (KPen) (Fig. 1D) was not 

responsive to treatment with blebbistatin or isoproterenol. Blebbistatin is a reversible 

specific inhibitor of the actin-myosin interaction [16]. In particular, it binds to the myosin-

ADP-Pi complex, impedes phosphate release, and thereby stabilizes the metastable state of 

myosin [17], whereas isoproterenol is a known β-adrenergic stimulator that affects both 

contractility and heart rate [18].

When transformed from passive transverse force exerted on the probe to passive tension 

along the construct length (Eq. (6)), the resultant forces have a linear relationship with 

respect to the steady-state relative passive length change with a non-zero prestress y-

intercept (Fig. 2A,B) as follows:

(7)

with KM serving as a lumped parameter of the three elastic elements,

(8)
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This muscle mechanics model is linked to a nonlinear (with respect to ΔL) spring (Fig. 1C; 

right side) that represents the force applied by the probe to the construct (Eq. (9)), which 

should be equivalent to the value of the force in the construct (Eq. (7)),

(9)

The passive resistance of the muscle was used to estimate model parameters KM, prestress, 

and ΔLoff (Fig. 2) for each construct, before and after different perturbations (blebbistatin 

treatment: 6 μM; isoproterenol treatment: 1 μM; the incubation time for blebbistatin and 

isoproterenol was 10 min; shortening the construct: ~20 percent of original length).

The final step in the analysis, described in detail in the Supplementary Material, is to derive 

the differential equation that relates ΔL to its rate of change of Δ ̇L

(10)

which can be used to predict the contraction traces by solving it in MATLAB using ode15s. 

This is the Nashville single-string guitar equation.

2.3 Study design statistical analysis

Five independent constructs were treated with blebbistatin and changes in KM were 

quantified from the mean of the constructs’ passive tension before and after treatment over a 

range of stage displacements (0–1300 μm). Experimental measurements are presented as 

means ± SEM, and force measurements were compared at each stage position using an 

unpaired t-test. Seven constructs were treated with isoproterenol, and their passive 

mechanics and dynamic contraction were fit independently over a range of stage 

displacements (0–2000 μm), which correspond to increasing applied transverse loads.

The passive model parameters were estimated for each construct using linear least squares 

analysis of the passive force measurements. Active contraction was then simulated in the 

model by an activation force function originating in the contractile element with a magnitude 

of around 1.4 mN (within a physiological range for a construct with 0.1 mm2 area [19]) and 

a duration of 250 ms (the measured length of an action potential in these constructs [1]). 

Three active parameters (KSE, KPEam, and b) were estimated using a nonlinear least squares 

optimization technique in MATLAB. More information about the model formulation and 

optimization techniques can be found in the Supplementary Material. The confidence 

intervals of parameter estimates were approximated using the observed information method 

[20]. The effects of pharmacologic treatment on the model parameters conserved across 
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constructs were assessed using paired t-tests. One construct was shortened to assess the 

model’s accuracy at different lengths.

3. Results

3.1 Chemically induced changes in passive mechanics and developed force

We transformed the measured data from the transverse-force and transverse-deflection I-

Wire coordinate system into longitudinal force and length changes along the construct. This 

allowed us to demonstrate a significant reduction in passive tension after treatment with 

blebbistatin over all applied transverse loads (Fig. 2A). Our model framework assumed that 

blebbistatin treatment would abolish the actin-myosin contribution to passive stiffness 

(represented by KPEam), causing the overall passive parameter KM to be equal to KPEn, (Eq. 

(8)). A linear fit to the passive force measurements both before and after introduction of 

blebbistatin revealed that the non-actin myosin passive stiffness element contributes 

approximately 67% percent of the total passive tension in the muscle and about 73% of the 

prestress (Fig. 2A). We also measured the effect of isoproterenol treatment, a beta-

adrenergic agonist known to increase the rate of calcium cycling and muscle contractility 

while reducing muscle tension [21]. There was a significant reduction in passive force at 

every applied load after isoproterenol treatment (Fig. 2B). When analyzing these data using 

our passive mechanics model, we observed a slight, insignificant decrease in the overall KM 

as well as a significant reduction of both prestress and ΔLoffset values (Table 2). We also 

observed a significant increase in the developed force generated by the constructs (Fig. 2C).

3.2 Simulation of active contraction

Once we estimated the passive muscle stiffness, prestress, and offset for each construct, 

active contraction was simulated at a variety of starting tensions corresponding to the 

experimental range of stage displacement. An idealized biexponential curve was used to 

simulate the activation force generated by the CMs in response to electrical stimulation (Fig. 

3A) [8]. We simulated muscle inactivation by setting KSE to zero, and the model predicted 

no muscle shortening, as was observed with blebbistatin treatment of the constructs. Three 

active parameters (KSE, KPEam, and b) were estimated using a nonlinear least squares 

optimization technique in MATLAB. Regardless of starting conditions or relative elastic 

element contributions, this procedure consistently found that the isoproterenol-treated 

constructs had a significant reduction (50%; p < 0.05) in the estimated viscosity parameter 

of the contractile element (b). Independent optimization of KSE and KPEam also found a 

significant reduction (p < 0.05) of KSE in the isoproterenol groups relative to control. In 

general, this optimization reduced the overall mean squared error of the model fit by 

between two- and five-fold across the seven constructs. Using these techniques, the model 

successfully predicted the experimentally measured developed force (Fig. 3B–C) and length 

changes of individual constructs (Fig. 3D–E). Furthermore, averaging the estimated 

parameters across constructs gave a robust fit of the average developed force (Fig. 3F).

3.3 Simulating active contraction with microelectrode trace

After characterizing the fidelity of our model fit using an idealized biexponential function, 

we repeated these analyses using data from a microelectrode trace of the action potential as 
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the activation force (Fig. 4A). The estimated model parameters using this alternative 

activation force function confirmed a reduction of the viscosity parameter (b) with 

isoproterenol treatment, and the experimental data were well fitted by visual inspection. 

However, the mean squared error was approximately two- to four-fold higher, relative to that 

associated with the biexponential activation force function (Fig. 4B–E). Next, we modified 

the width of the activation force trace to attempt to recreate the mechanical restitution curve 

described in the companion paper [1]. By varying the action potential duration from 150 ms 

to 250 ms (Fig. 4F), the model predicted increasing force traces (Fig. 4G) and peak forces 

(Fig. 4H) that greatly resembled the experimental data presented in Figs. 2 and 4 of the 

companion paper [1].

3.4 Shortening construct to predict length-related effects

We tested the model’s response to reducing the length of a preformed construct by ~20% by 

moving one of the anchoring wires to a new groove in the PDMS mold (Fig. 5A). The 

experimental results revealed an overall decrease in the peak developed force, as well as a 

flattening of the downward trend of force generation (Fig. 5B). This experiment was 

simulated in the model first by assuming that the measured mechanical stiffness of the 

construct would remain unchanged by the release of tension, merely shifting over to have an 

offset and prestress of 0 (Fig. 5C, black line). This manipulation resulted in a large mismatch 

with the experimental passive force data and a poor fit to the peak developed force data (Fig. 

5D black line). Next, the KM was estimated using the passive force measurements in the 

shortened constructs (45% reduction from original), but prestress was still defined as 0 (Fig. 

5C, dark grey line). This correction improved the fit of the passive and developed force (Fig. 

5D, dark grey line) but the data were still mismatched. Next, both the KM and prestress were 

fit to the experimental data, giving a much better fit of the passive force (Fig. 5C, light grey 

line), but significantly under-predicting the peak force (Fig. 5D, light grey line). Finally, the 

ratio of KSE to KPEam was changed to restore the value of the series element stiffness to that 

of the KSE original construct length, and the results showed significant improvement of 

developed force fit (Fig. 5D, dashed light grey line), as well as overall fit.

4. Discussion

We have presented a model-based method to quantify the passive elasticity and active 

contractility of an ECTC that is extremely useful to the biomedical, bioengineering, and 

physiology communities. This analysis allows an in-depth characterization of the mechanics 

of a 3D cardiac muscle construct that is able to dynamically contract while subjected to a 

range of applied transverse forces, and it complements the presentation of the data in the 

companion paper [1]. The analysis strategy presented here allows for translation from force 

generated in the construct applied as a perpendicular load (FP) to the longitudinal tension 

internal to and along the length of the construct (FC). The peak force developed along the 

construct following contraction consistently decreased with increasing applied tension and 

applied stretch (Fig. 2C). This was likely a result of the intrinsic force-length relationship of 

striated muscle cells, including CMs, in which the force-generating potential rapidly 

declines past the optimal length [5;22]. This construct-focused analysis also makes it 

possible to estimate the prestress generated by CMs as well as fibroblasts during the process 
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of construct formation and compaction. We demonstrated that this stress is significantly 

reduced by both blebbistatin and isoproterenol treatments. Blebbistatin is known to disrupt 

actin/myosin interactions within CM sarcomeres and has been shown to disrupt traction 

forces generated by fibroblasts [23;24].

This model also enables simulation of active muscle contraction. The comparisons in Figs. 3 

and 4 demonstrate that either a biexponential curve or that resembling an action potential 

can be used as activation force inputs to drive the model, although the biexponential 

activation force trace delivers consistently better fits to the experimental measurements. In 

the future, microelectrode trace measurements could be used to predict altered mechanics in 

response to genetic mutations or drug effects. Parameter estimation using either activation 

force function revealed a significant decrease in effective contractile element viscosity (b), 

and suggests a potential decrease in KSE after treatment with isoproterenol. Both effects are 

likely related to the increase in calcium availability and turnover mediated by isoproterenol, 

which decreases the short-term stiffening effect of actin-myosin interactions [11;21;25]. 

Future experiments to image intracellular calcium transients during contraction should make 

it possible to quantify these changes.

The collection of experimental data examined here was not sufficient to definitively 

differentiate the relative contributions of the model parameters and the active force function 

using the nonlinear least squares estimation method. The dynamic nature of the modified 

Hill model, however, allows prediction of mechanical responses to differing mechanical and 

electrical stimuli. Thus, it is possible to consider hypothetical experiments in silico, and to 

design experiments that are more highly informative about the underlying model 

components. For example, in order to distinguish the model parameters from the active force 

function, a natural next step experimentally would be to vary the rate and shape of 

mechanical loading in the absence of electrical stimuli (i.e., no active force). Supplementary 

Fig. S6 illustrates the mechanical stimuli and resulting passive changes in construct length 

for two such hypothetical experiments. These findings would permit independent assessment 

of the contributions of KPEam, KSE and b, which in turn would enable an inverse analysis of 

the data to estimate the activation force traces. Further development of the model should 

benefit from additional measurements that record the calcium transients associated with CM 

contraction and that image the differences in both transmembrane calcium potential between 

simultaneous field stimulation of the entire construct and the response that propagates from 

a bipolar stimulating electrode at one end of the fiber. It is likely that these calcium traces 

will correspond with the predicted activation force traces, improving the model fit and 

providing insight into electromechanical coupling.

This model is also able to recreate changes in muscle mechanics in response to changing 

electrical and physical inputs. Recreating the pacing frequency restitution curve confirms 

that using action potential traces is a viable input for predicting contractile response. 

Furthermore, the shortening experiments provided an interesting opportunity to test and 

refine the model. The peak force developed by the shortened ECTC was significantly lower 

than that for the original length, which suggests that the construct length has been reduced 

below some optimal length, thus reducing force-generating capacity. Our initial assumption 

that construct stiffness would be preserved with a large reduction in length proved to be a 
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poor fit to the data. Subsequent trials revealed that at the reduced length, the construct has a 

much lower linear passive stiffness and retains some prestress even at low initial stretch. 

These results indicate that the stiffness which appeared linear at the original length is 

actually part of an exponential or partially nonlinear stiffness function common in biological 

tissues [11;26].

The I-Wire platform and these measurements and estimates of intrinsic muscle properties 

(KM, prestress, and viscosity b) provide a powerful new tool for quantifying the effects of 

pharmacological strategies on CM function in vitro. Of particular importance, the constructs 

have a uniform cross-sectional area over most of their length, in contrast to animal papillary 

and trabecular muscles. In addition, it is feasible to study 3D ECTCs formed with CMs that 

are derived from human induced pluripotent stem cells. The I-Wire platform and our model-

based analysis will also inform more complex models of heart function for interventional 

planning purposes [10;12–14;27–30].

With the advancement of induced pluripotent stem cell (iPSC) technologies specific to the 

heart [31;32], there is the possibility of being able to use cell-based technologies to support 

cardiac regeneration [33;34]. This would then present the challenge of qualifying the cells 

that will be used to repair an ailing heart – one must be able to assess the mechanical, 

electrical, and metabolic potential of the cells prior to their use in a patient, particularly if 

those cells were derived from the patient’s own iPSCs. The I-Wire platform in the 

accompanying paper [1] in combination with the modeling described in this one may 

provide this capability: prior to the utilization of the cardiomyocytes, fibroblasts, and other 

cells for regenerative therapy, these same cells could be used to create an in vitro I-Wire 

construct whose performance could be evaluated using a standardized protocol. Given such a 

protocol, one then might be able to further refine the process by which these cells are 

derived to better optimize their performance in vivo.

Overall, we believe that this new technique will improve our understanding of the complex 

interplay between CM mechanics and function, and will also serve as a demonstration of 

model-based quantification of mechanically active tissue equivalents. Furthermore, we have 

in this paper outlined a computational procedure that should be applicable to many other 

active, contractile biomaterials and their mimics [35–37].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix A. Supplementary Material

Supplementary Material related to this article can be found at ______________________.
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Fig. 1. 
Platform description and model schematic. (A) Representation of the I-Wire construct from 

above, with the unloaded position of the probe indicated by the dotted green circle. (B) 

Image of I-Wire construct. (C) Schematic simplified to highlight relevant measurements. See 

text for variable names. (D) Diagram of the relevant mechanical model (a modified, Hill 

type model), consisting of the muscle mechanics components (left side of dashed line) 

linked to a nonlinear (with respect to L) spring representing the probe (right side of dashed 

line).
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Fig. 2. 
Passive and developed forces in constructs are affected by pharmacological perturbations. 

(A) Passive force in constructs treated with blebbistatin was significantly reduced (p < 0.01) 

for all samples. (B) Passive force was significantly reduced (p < 0.01) between all 

isoproterenol treated samples, and the predicted and calculated force in the ECTC had 

relatively close agreement with experimental data. (C) Peak developed force was 

significantly increased (p < 0.05) in the isoproterenol-treated constructs at most applied 

transverse loads (imposed by stage displacement that deflects the probe) (* indicates p < 

0.5). Experimental data presented as mean ± SEM.
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Fig. 3. 
Predicted active force in ECTCs. (A) Biexponential activation force input used. (B,C) 

Predicted developed force and (D,E) relative predicted length compared to measured data for 

representative construct. (F) Predicted model fit to average data using average of best fit 

parameters. Experimental data presented as mean ± SEM.
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Fig. 4. 
Simulation of active contraction using construct action potential. (A) Activation force shape 

taken from a measurement of the action potential voltage (1) scaled similarly to idealized 

biexponential function. (B) Developed force traces, (C) peak forces, and (D,E) relative 

length fit in a representative construct. (F) Horizontal scaling of activation force traces to 

match measured values at different pacing frequencies. (G) Predicted model response to 

these inputs for the construct at a simulation stage position of 1400 μm, and (H) the peak 

developed force plotted over the estimated pacing frequency.
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Fig. 5. 
Shortening construct to predict length-related effects. (A) Schematic of construct shortening. 

(B) Traces of developed force in the original and shortened configurations. The thicker lines 

represent the shortened configuration. (C,D) Experimental and model fits of passive tension 

and peak developed force in construct before and after shortening.
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Table 1

Model variables
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Table 2

Passive mechanic metrics for control and isoproterenol-treated ECTCs

Control Isoproterenol p-value

KM 0.7 ± 0.05 Nm−1 0.6 ± 0.05 Nm−1 0.054

prestress 0.22 ± 0.02 mN 0.12 ± 0.01 mN <0.001

ΔLoffset 311 ± 14 μm 210 ± 25 μm 0.003
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