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Abstract 
Here we present a quantitative approach to constructing effective 3D muscle tissues 

through shape optimization and load impedance matching with electrical and optical stimulation. 

We have constructed long, thin, fascicle-like skeletal muscle tissue and optimized their form 

factor through mechanical characterization. A new apparatus was designed and built which 

allowed us to measure force-displacement characteristics with diverse load stiffnesses. We have 

found that a) there is an optimal form factor that maximizes the muscle stress, b) the energy 

transmitted to the load can be maximized with matched load stiffness, and c) optical stimulation 

using channelrhodopsin2 in the muscle tissue can generate twitch force as large as its electrical 

counterpart for well developed muscle tissue. Using our tissue construct method we found an 

optimal initial diameter of 500 microns outperformed tissues using 250 microns by more than 

60% and tissues using 760 microns by 105%.  Using an optimal load stiffness, our tissues have 

generated 12 pJ of energy per twitch at a peak generated stress of 1.28 kPa. Additionally, the 

difference in optically stimulated twitch performance vs. electrically stimulated is a function of 

how well the overall tissue performs, with average or better performing strips having less than 

10% difference.  The unique mechanical characterization method used is generalizable to diverse 

load conditions and will be used to match load impedance to muscle tissue impedance for a wide 

variety of applications. 

Introduction 
Formation of an engineered skeletal muscle tissue in-vitro can have a range of 

engineering and medical applications. Successful construction of such a muscle tissue can not 
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only shed light on the muscle formation process [Rhim et al., 2007], but can also open the door 

to creating organ mimics for drug screening and drug development replacing expensive animal 

models, especially if the essential mechanics and biology can be recapitulated in the in-vitro 

system. Similarly, developing in-vitro methodologies for muscle formation will allow engineers 

to build medical implants using biological materials [VanDusen et al., 2014], realize novel soft-

robotics and biological machines, and interface these synthetic components with other naturally 

occurring systems.  

To accomplish these goals, muscle constructs must act on a load, producing mechanical 

work and transmitting it to the load. Understanding of basic force-displacement characteristics 

and output power transmission is a pre-requisite for designing and building those machines and 

implants. Yet, quantitative and detailed mechanical work performance of in-vitro skeletal 

muscles has been reported only in a few articles but with a limited scope. This is primarily 

because of the complexity of muscle mechanics. The force generated by a muscle construct 

varies significantly depending on numerous conditions, including displacement, pre-stress, 

velocity, and load impedance as well as fatigue, creep and stress relaxation [Wang et al., 1993, 

Brooks et al., 1991, Gordon et al., 1996]. In the past, rather simple methods have been used for 

evaluating mechanical performance. 

A common practice to characterize the muscle tissue is to measure the isometric tension 

generated.  This is the measurement of the force generated while the tissue maintains a constant 

length by holding the two ends of the tissue at a constant position relative to each other 

throughout the measurement. The length may be maintained either by coupling it to rigid 

supports or by applying feedback position control of the ends.  Feedback position control has 

been used as far back as 1965 when muscle from a live frog was tested to determine the 

relationship between sarcomere length and isometric tension generation [Gordon et al., 1966].  In 

vitro grown 3D muscle tissue constructs have been tested using stiff couplings [Dennis and 

Kosnik, 2000].  

 Isometric force measurements cannot provide information on the energy that can be 

imparted on a load for a single muscle twitch. Isometric force measurements are useful in finding 

peak forces achievable by muscle tissue, and in comparing muscle tissue formed under various 

conditions, such as testing effects of various influences like alignment, drugs, or damage.  

However, isometric force measurements cannot provide information on all time and 

displacement dependent parameters describing the muscle contraction such as power, or twitch 

energy.  Twitch energy transmissibility is critically important for cardiac tissue, as well as for 

any engineered mechanical system powered by muscle tissue (biobots) [Chan et al., 2014].   

 With the addition of velocity control, a typical isometric muscle testing apparatus may be 

used to measure power output directly by testing isovelocity shortening [Brooks and Faulkner, 

1991]. However, this power measured is dependent on the magnitude of the velocity, and a 

constant velocity is not necessarily the conditions in which the muscle will be functioning.   

 An alternative method of characterizing skeletal muscle tissue performance is to have the 

muscle tissue work against a load such as a known linear stiffness. With this aim, muscle tissue 

structures have been grown such that it’s two terminal ends are supported by the ends of two 

compliant posts [Vandenburgh et al., 2008, Sakar et al., 2012, Boudou et al., 2012].  This method 

allows for the direct measurement of muscle tissue output energy transmitted to a load. However, 

the performance of any given tissue can only be assessed for driving a single load, i.e. the 

stiffness of the cantilevered posts.  Fully characterizing the tissues against various loads is not 

possible with this method.  Thus, the performance of the tissue under loads it may face in 
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physiological or engineered settings cannot be assessed directly from these prior reported 

structures.  Additionally, it is impossible to remove the muscle tissue from the posts devices 

without damaging or altering its performance in the process. One final concern with using 

polymer posts is that their stiffness is influenced by many factors.  The Young’s Modulus of 

PDMS can change by roughly a factor of 2 simply by changing curing temperature [Johnston et 

al., 2007], and other factors such as temperature and deformation rate also change its compliance 

[Lotters et al., 1997].  Polymers are viscoelastic, therefor the resting stiffness must be measured 

separately from the short term, activation stiffness of polymer posts.  

 Here we present a systematic method and apparatus for evaluating the mechanical 

performance of in-vitro grown muscle constructs without using isometric contractions nor a 

single linear elastic load.  The presented method allows for the testing of tissue performance 

against any load, and a single tissue sample may be tested against any number of loads.  This 

method allows us to a) measure force-displacement characteristics, b) tune the pre-strain applied 

to the muscle construct, c) vary the stiffness of load impedance, and d) quantify the work 

produced by the muscle construct. Using this quantitative mechanical performance evaluation 

method, we address how 3D skeletal muscle constructs can be optimized with respect to a) form 

factor and morphology, and b) matching with the load stiffness. The primary objective of 

morphology evaluation here is to determine the optimal diameter at which to grow 3D, aligned 

muscle tissue having a high density of contractile proteins.  We find that an optimal load 

impedance exists for a particular muscle construct to transmit the mechanical work. Specifically, 

performance is assessed in terms of maximum work transmitted to a load due to a single 

stimulated twitch cycle.  Force and/or displacement may also be used in twitch performance 

comparison because these two values are monotonically coupled to the work performed.   

 The method of inducing contractions of muscle cells is another important factor when 

characterizing tissue. Three methods of stimulation have been used for engineered tissue 

characterization: chemical [Vandenburgh et al., 1991], electrical [Nagamine et al., 2011], and 

optical [Sakar et al., 2012].   Chemical and electrical stimulation involve potentially invasive 

changes to the cellular environment, and don’t offer the same potential for tight spatial and 

temporal resolution as optical stimulation. Optical stimulation is a newer technique in which 

cells are transfected with DNA encoding the optogenetic protein channelrhodopsin2 (ChR2). 

Characterization of optical stimulation with comparison to an alternative form of stimulation has 

not been reported.  The benefits of high spatial and temporal control of optogenetics over other 

forms of stimulation have already been used for high throughput testing in vitro [Sakar et al., 

2012], and will eventually provide utility in clinical applications when combined with 

developing optical technologies [Kim et al., 2013].  

 The method presented here facilitates both electrical and optical stimulation for coherent 

comparison.  It also facilitates the quantification of mechanical performance by elongating the 

tissue via lateral displacement. Lateral displacement entails displacing a tissue construct at a 

point between its two anchored ends in a direction perpendicular to the primary axis of the tissue. 

Lateral displacement for mechanical characterization has been used for neurite characterization 

[Dennerll et al., 1988] as well as for very simple skeletal muscle characterization [Vandenburgh 

et al., 1991].  Muscle tissue made via the sacrificial outer mold method described previously 

[Neal et al., 2014] facilitates this mechanical characterization method in two ways.  First, the 

tissue is anchored between the stiff well walls of the culture device, ensuring no serial 

compliance at the anchor points that would affect measurements.  This is in contrast to tissue 

developed on compliant posts.  Second, the tissue can be tested without transferring the tissue to 
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another substrate or measurement device.  This is in contrast to the methods of producing muscle 

constructs, which require at least one anchor to be decoupled from the culture dish on which the 

tissue is grown [Dennis and Kosnik, 2000].  Multiple cantilever probes of different stiffness may 

be used on a single tissue.  This allows for the testing of tissue against different mechanical 

loads.  Isometric and post based methods alone are incapable of testing a single tissue against 

differing loads.  By changing the load, it is possible to determine the load impedance that 

matches the specific tissue to maximize the output work of the tissue.  However, this method has 

never been used to characterize muscle tissue grown under varying conditions, nor with different 

cantilever probe stiffnesses and displacements. 

Materials and methods 

Muscle Strip Tissue Constructs 

Fascicle-like muscle tissue constructs were produced as described previously [Neal et al. 

2014].  For the experiments presented here, the sacrificial mold material consisted of 5% w/v 

porcine gelatin (Sigma-Aldrich), 10 U/ml thrombin (Sigma-Aldrich), and 1% 0.5 N NaCl in PBS 

(Lonza), and the cell solution consisted of 5 mg/ml fibrinogen (Sigma-Aldrich), 10
7
 cells/ml, and 

0.5 mg/ml aminocaproic acid (Sigma-Aldrich).  The cells used were C2C12 cells (ATCC) 

transfected with channel rhodopsin 2 (ChR2) as described previously [Sakar et al., 2012].   

Growth media consists of 10% fetal bovine serum (Sigma-Aldrich) in DMEM (ATCC) and 0.5 

mg/ml aminocaproic acid.  Differentiation media contains 10% horse serum (Sigma-Aldrich), 

DMEM (ATCC) and 0.5 mg/ml aminocaproic acid.   

Briefly, sacrificial mold material was injected at 37ºC into 5 mm diameter PDMS (Dow 

Corning) wells containing a steel pin (McMaster Carr) spanning the well.  The mold material 

was then cooled to room temperature to solidify.  Removal of the pins leaves a 5 mm long 

cylindrical cavity in the gelatin in the 5 mm diameter well.   

This cavity is then filled with a cell/hydrogel solution.  The device is then immediately 

placed in a 37ºC incubator where the gelatin mold melts releasing thrombin, and where the 

hydrogel solution solidifies.  The sacrificial mold solution is then gradually diluted with daily 

media changing. Growth media is used for the first 2 days. Differentiation media is used after the 

first 2 days.  Fascicle-like muscle constructs produced using this method are shown in Fig. 1a.   

For the experiments in which pin diameter was the independent variable, two separate 

experiments were run.  The first consisted of 3 devices with 2 strips in each device using each of 

the following nominal pin diameters: 0.010” (254 µm), 0.012” (305 µm), 0.014” (356 µm) and 

0.020” (508 µm).  The second consisted of 3 devices using each of the following nominal pin 

diameters: 0.014” (356 µm) and 0.020” (508 µm), 0.030” (762 µm), and 0.040” (1016 µm).   

For the optical vs. electrical stimulation experiment, and the variable probe stiffness 

experiments 3 devices of 2 strips each were used, and nominal pin diameters used were 0.020” 

(508 µm).  

For all experiments, stimulated contraction testing was performed 14 days after cell 

seeding.   

Force and Displacement Measurement Using a Lateral Cantilever Probe 

 The basic concept of the force probe is to laterally displace the tissue strip at its center 

using the end of a cantilever probe of known stiffness.  As diagramed in Figs. 1b and 1c, the 

center of the tissue displaces in the direction orthogonal to the un-displaced tissue axis.   As the 
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tip of the cantilever displaces the center of the strip, the length of the strip elongates, and the 

cantilever bends.  Measuring the position of the cantilever base and tip, and knowing the 

stiffness of the cantilever, we can find the force of the probe, Fprobe, exerted on the tissue: 

  tipprobe probe base
F k x x   (0) 

where xtip is the lateral displacement of the cantilever tip, xbase is the lateral displacement of the 

cantilever base, and kprobe is the stiffness of the cantilever probe as shown in Fig. 1.   

The geometric relationships relevant to displacement via a cantilever probes are shown in 

Supplementary Fig. S1.  Combining geometric relations, force balance, and Hooke’s law, we 

derive expressions for the axial force along the tissue, Faxial, and the displaced length of half the 

tissue, L’. From the diagram: 

 
,

'

tipaxial x

axial

xF

F L
  (0) 

 '2 2
tipx L L   (0) 

where Faxial,x is the lateral component of the axial force held by the tissue, and L and L’ are the 

unforced and forced half-lengths of the tissue, respectively. 

A simple force balance along the direction of displacement is: 

 ,
2

probe axial x
F F  (0) 

Combining these equations yields an expression for the elongated length, L’, and axial force, 

Faxial, of the tissue: 

 ' 2 2
tipL x L   (0) 

   2 2

2
probe

tip tipaxial base
tip

k
F x x x L

x
    (0) 

From these equations, we can determine both axial force of the tissue, and tissue elongation. 

Characterization System 

For this concept to work, 1) we must be able to finely adjust the position of the base of 

the cantilever, xbase, 2) the positions of the cantilever base, xbase, and tip, xtip, must be measured 

simultaneously, and 3) the muscle tissue must be excitable.  A new custom built system that 

achieves these requirements is presented in Fig. 2. The base of the cantilever is positioned with a 

3-axis stage assembly, coupled to the cantilever probe via a stiff custom machined aluminum 

beam.  For the 3-axis stage assembly, x position (probe displacement direction) is controlled 

using both a manual stage (Thorlabs MT1/M) and a motorized stage (Thorlabs MT1/M-Z8), and 

y and z positions are controlled with a 2-axis manual stage (Thorlabs DT12XZ/M).  The 3-axis 

stage assembly is rigidly mounted to the microscope stage. The probe cantilevers and electrodes 

are super glued to easily interchangeable 3D printed couplings that easily snap onto the end of 

the aluminum beam in a repeatable manner.  This quick snap method allows for numerous 

cantilever probes of any desired stiffness to be quickly interchanged while collecting data.  The 

position of the base of the cantilever is measured with a laser micrometer (Micro-Epsilon 

optoNCDT 1401), which measures the position of a 3D printed laser micrometer flag attached to 

the aluminum beam that extends away from the sample.  The position of the tip is measured via 
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images from a microscope.  Video recorded on the microscope computer coupled with the time 

history data from the laser micrometer are combined to give time dependent data.  In order to 

excite the muscle tissue electrically, electrodes that are attached to the cantilever base extend into 

the sample well and terminate with ends that are parallel to the strip. 

Cantilever stiffnesses were evaluated before and after testing to ensure the stiffnesses 

were consistent and that they were not plastically deformed during testing.  The stiffnesses were 

evaluated by hanging known weights from the tip against gravity. 

For all experiments, multiple twitches were generated via stimulation at the same pre-

strain conditions. In this system, pre-strain was created by laterally displacing the cantilever 

probe to the point where approximately 2% strain was generated along the direction of the tissue 

strip. The base of the probe is fixed, and then contraction stimuli are applied.  

This system is a general force transducer and may be adapted to other applications 

demanding measurements of small forces and small displacements, such as characterization of 

microposts [Sakar et al., 2012], or other biological materials.  The only adaptation necessary for 

these and other applications would be to produce 3D printed couplings with probes specific to 

the application. 

In order to provide electrical stimulation to the muscle strips, electrodes were built into 

the system that would be capable of providing an electric field across the strip.  Platinum 

electrodes are parallel to the strip to generate a uniform field across its length.  The electrodes are 

at the precise depth of the tissue and independent of the displacement of the tissue as shown in 

Fig. S4a. The depths of the electrodes and probe tip are mechanically coupled to ensure the 

depths of the electrodes and the probe tip are the same.  To allow the probe tip and tissue to 

move independently of the electrodes upon displacement, compliant cantilevered electrodes 

rigidly coupled to the base of the cantilever tip were used.  The electrodes are platinum wires 

coupled closely to the cantilever tip, and that splay out away from the cantilever probe as they 

extend down.  When unforced, the two electrodes are separated by approximately 3 times the 

width of the sample well at their ends (Fig. S4b).  When inserted into the sample well, the 

electrodes must first be brought together with tweezers (Fig. S4c).  The elastic energy stored in 

the compliant electrodes keeps them pinned to the walls of the sample well even as the system 

translates the cantilever probe (Fig. S5).   

For electrical stimulation, an electric field of 30 V/cm was used with bipolar pulses of 1 

ms each, at a frequency of 1 Hz.  The electric signal was controlled by an Arduino Uno 

microcontroller with custom scripts.  For optical stimulation, a 300-W mercury lamp coupled 

with a GFP (473 nm wavelength) was used to generate 30 ms pulses at 1 Hz using custom scripts 

written into the microscope controlling software (Metamorph).   

The magnitude of the stimulation, both optical and electrical was selected to be high 

enough such that a 25% reduction in stimulation strength had no measurable change in 

stimulation caused response.  To address the concern of tissue penetration of the light stimulus, 

we made sure that the entire depth of tissue could be imaged using the stimulation strength of the 

light source.  It is confirmed that because the tissue can be well imaged, stimulating light can 

penetrate the tissue.   

Optical vs. Electrical Stimulation Response Characterization 

A single cantilever and pair of electrodes were used in the optical vs. electrical 

stimulation experiments.  The optical vs. electrical stimulation protocol was designed to account 

for the effects of muscle fatigue.  If we simply stimulated one way and then the other, muscle 
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fatigue would make the second stimulation method appear worse due to fatigue of the strip.  6 

stimulation cycles were performed for each strip with 60 seconds of rest between each. Each 

stimulation cycle consisted of two sub cycles with 60 seconds of rest between each.  Each sub-

cycle consisted of pre-straining the tissue, stimulating the tissue 5 times with one form of stimuli 

(electric or optical) followed immediately by stimulating the tissue 5 times with the other form of 

stimuli (optical or electric), then relaxing the tissue.  Using this protocol, muscle fatigue is 

factored out through averaging over all cycles.  This protocol is shown in Supplementary Fig. S2. 

The stiffness of the cantilever used was 0.0278 N/m. 

 

Tissue Response vs. Varying Loads Characterization 

4 different cantilevers with different stiffnesses were used in the variable stiffness 

experiment. Each strip was tested with each cantilever twice using the following protocol: the 

strip was displaced by the cantilever tip to a pre-strained value of 2% strain and stimulated 5 

times optically, then relaxed.  For the diameter variation experiments, the protocol was the same 

as the variable stiffness experiment protocol, except only 1 cantilever probe was used.  The 

stiffnesses used in the variable stiffness experiment were the following: 0.0038 N/m, 0.023 N/m, 

0.11 N/m, and 0.65 N/m. 

 

Tissue Response as a Function of Diameter Characterization 

A single cantilever and pair of electrodes were used in the diameter variation 

experiments.    Each strip was used to generate 5 twitches. The stiffness of the cantilever used 

was 0.0278 N/m. 

Image and Video Analysis 

Data from the laser micrometer (measuring cantilever probe base position) and the 

microscope camera video (measuring cantilever tip position) was processed to generate axial 

tissue force and displacement.  The video data provides probe tip data with the use of open 

source software called Tracker.  Tracking the cantilever tip is robust and reliable giving sub-

pixel resolution.  Each individual twitch was analyzed independently.  This process is shown in 

Supplementary Fig. S3.  The tip and base data are synchronized based on a step-like input to the 

base position.  Each twitch is segmented and combined with probe base data to determine axial 

strip displacement and force.  Finally, each twitch is creep corrected assuming linear creep with a 

slope equal to the post twitch position minus the pre-twitch initial tip position divided by the 

twitch time.  This creep correction is used to ensure that the data presented represent the force 

and displacements generated only by the contraction of the muscle.   

 

Statistical Analysis 

 In determining statistically significant differences, the means are compared using 2 

sampled t-tests.  
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Results 

Optical vs. Electrical Stimulation 

Electric stimulation performance was slightly superior to optical stimulation performance 

overall. Fig. 3 shows the wave forms and peak values of twitch forces induced by both optical 

and electrical stimuli. The peak force values of 5 twitches were evaluated for optical and 

electrical stimuli, and for each of 6 muscle strips having diverse levels of performance. The 

difference in the mean peak twitch force was less than 10% for stronger muscle strips.  However, 

for poor performing strips, optical stimulation resulted in almost 40% worse mean twitch 

amplitude than electrical stimulation.  Twitch data for the best performing strip, strip A (Fig. 3a) 

and the worst performing strip, strip C (Fig. 3b) exemplify this.  The optically stimulated 

twitches nearly follow the electrically generated twitches for the high performing strip, strip A, 

while the optically generated twitches are generally much lower in force than the optically 

generated twitches for the poor performing strip, strip C.  Aggregate data of the maximum twitch 

force generated for multiple strips with various overall performance (Fig. 3c) show that electric 

stimulation is mildly superior to optical stimulation.  A trend can clearly be seen when the 

aggregate of the ratio of optical to electrical stimulation performance for each strip is plotted 

against mean maximum twitch force of the electrically stimulated twitches for each strip (Fig. 

3d).  This clearly demonstrates that, as the overall performance of the strip increases, the relative 

performance of optically generated twitches approaches the performance of electrically 

generated twitches.   

These results show that muscle constructs developed to a certain level may be stimulated 

optically and electrically with similar resulting contractions.  This means that optical control of 

muscle tissue may be used for stimulation purposes in situations where electrodes are too 

intrusive or otherwise disadvantageous.   

Maximum Stress and Optimal Diameter 

In Fig.4 multiple strips with diverse diameters are compared with respect to peak twitch 

force and stress. The largest twitch force was generated by the strip whose nominal pin diameter 

was 762 m rather than 1016 m (Fig. 4b). In terms of maximum peak stress, i.e. peak force 

divided by the cross-sectional area, the 508 µm nominal diameter pin produced the maximum 

stress (Fig. 4a). The stress performance quickly drops off after this as the diameter increases. 

These results show that an optimal diameter exists for generating maximum stress.  For the 

constructs formed using the smaller diameters (254, 305, and 356 microns), the mean stress 

generated is approximately the same and is independent of initial diameter. 

Note that the standard deviation in peak twitch stress is much greater for the smallest 

diameter pins used (Fig. 4a). There exists a greater degree of non-uniformity for the smaller 

diameter strips, as described previously [Neal et al., 2014].  Fig. 5 shows the confocal images of 

the strips and their cross-sections. The diameter of the strip varies along the longitudinal 

direction. The cross-section at the end of the small diameter strip (Fig. 5a) contains only one 

myotube (shown as a colored circle), while the center cross-section has at least 3 myotubes. The 

local stiffness of the narrow region tends to be lower than that of thicker regions. Narrower 

regions of the construct act as compliant elements connected in series with the rest of the 

construct.  These compliant “weak links” absorb displacement with the elastic tissue, decreasing 

the resulting output force (Fig. 4b).  The larger diameter strips have more uniform cross-sections 

throughout the strip, leading to the larger force generation (Fig. 5b).  

 Page 8 of 25 

T
is

su
e 

E
ng

in
ee

ri
ng

 P
ar

t A
M

ec
ha

ni
ca

l C
ha

ra
ct

er
iz

at
io

n 
an

d 
Sh

ap
e 

O
pt

im
iz

at
io

n 
of

 F
as

ci
cl

e-
L

ik
e 

3D
 S

ke
le

ta
l M

us
cl

e 
T

is
su

es
 C

on
tr

ac
te

d 
w

ith
 E

le
ct

ri
ca

l a
nd

 O
pt

ic
al

 S
tim

ul
i (

do
i: 

10
.1

08
9/

te
n.

T
E

A
.2

01
4.

03
17

)
T

hi
s 

ar
tic

le
 h

as
 b

ee
n 

pe
er

-r
ev

ie
w

ed
 a

nd
 a

cc
ep

te
d 

fo
r 

pu
bl

ic
at

io
n,

 b
ut

 h
as

 y
et

 to
 u

nd
er

go
 c

op
ye

di
tin

g 
an

d 
pr

oo
f 

co
rr

ec
tio

n.
 T

he
 f

in
al

 p
ub

lis
he

d 
ve

rs
io

n 
m

ay
 d

if
fe

r 
fr

om
 th

is
 p

ro
of

.



9 

9 

 

Generated Energy and Load Matching 

 The twitches of a single muscle construct working against multiple cantilever probes of 

diverse stiffnesses are shown in Fig. 6.  Each data point represents the combination of peak 

twitch displacement and force measured with a single probe.  The stiffer the cantilever, the larger 

the peak twitch force and lower the peak twitch displacement (Fig. 6a).  A linear fit matches the 

force-displacement curve with an r
2
 value of 0.955.  This shows that the higher the impedance of 

a load, the higher the maximum force of the tissue, but the lower the displacement.  The peak 

energy stored in the cantilever probe resulting from a twitch is equal to half of the product of the 

peak twitch force and peak twitch displacement. For a linear relationship between force and 

displacement, the energy output as a function of displacement is a parabola with a global 

maximum in the middle (Fig. 6b). This energy maximum represents the maximum energy that a 

single twitch can transmit to a linear elastic load, such as the cantilever probe.   

 The performance of an engineered muscle construct and the impedance of the load it will 

drive should match in order for the muscle to transmit the most energy per contraction cycle to 

the load. This is clearly shown in Fig. 6b. There is a maximum energy transmission when the 

cantilever with an intermediate stiffness of 0.023 N/m is used. Notice that the energy transmitted 

to the stiffest cantilever results in the highest force, but not the highest energy transmission of the 

four probes used. Thus, the system presented here has been used to find an impedance that 

maximized the output energy and that it is not equal to the impedance that produces the 

maximum output force.   

Discussion 
 Using the mechanical characterization system described here, three key observations 

about engineered muscle constructs have been made.  First, optical stimulation of myotubes 

formed from cells transfected with ChR2 encoding DNA is potentially as powerful as electrical 

stimulation if the muscle constructs are developed sufficiently.  Second, there exists an optimal 

form factor at which to grow muscle tissue constructs seeded in a 3D scaffold where the 

performance metric is contraction performance per unit volume.  Third, there exists an optimal 

load impedance to drive with an individual muscle construct where the performance metric is 

energy transmission to a load.   

The key observation about optical stimulation broadens the potential use of optically 

stimulated muscle tissue.  Muscle tissue that can be optically stimulated has been presented, but 

has not yet been methodically compared to electrical stimulation [Sakar et al., 2012].  The 

proposed benefits of optical stimulation over electrical stimulation include having no need to use 

potentially invasive electrodes, and the high spatial-temporal accuracy in stimulating specific 

muscle cells that may exist near other muscle cells. However, a significant question existed about 

the performance of optical stimulation.  We show here that, if the performance of the muscle 

tissue is average or above, optical and electrical stimulus produce similar twitches. This is likely 

due to superior strips having more highly developed contractile myotubes.  This results in a 

greater proportion of functional myotubes that are not optically excitable.  Another possibility 

that has not been shown explicitly is that immature/poor performing myotubes may need a 

greater level of stimulation than optical stimulation can provide.  Further exploring this 

phenomenon may provide valuable insights on how myotubes develop. With the results 

presented here, knowing that optical stimulation can produce similar results to electrical 

stimulation, future research may be conducted with optogenetic muscle tissue without the 

potential concern for vastly inferior performance.  
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 The next key observation is about optimal form factor. There is an optimal strip diameter 

that produces the maximum twitch stress due to two conflicting requirements for the strip 

diameter. One is that the contractile cell density decreases as diameter increases, and the other is 

that the uniformity of strip cross-section decreases as the diameter decreases. These two 

phenomena can be put together in the simple linear component model shown in Fig. 5 to predict 

the results in Fig.4.   

Considering the first phenomenon, for larger diameter strips, diffusion limiting processes 

discourage myotube formation within the central region of the construct yielding fewer myotubes 

per cross sectional area.  This has been shown previously [Neal et al. 2014] where the volume of 

α-actinin is used as a surrogate of myotube volume. Additionally, if there are fewer cells near the 

central region to degrade the scaffold, then more scaffold will exist in the central region, 

resulting in increased passive scaffold the tissue must work against, as diagramed in Fig. 5c.  A 

simple model of this first phenomenon assumes the cross section of the tissue has two regions, 1) 

an outer annulus of contractile tissue, and 2) an inner disk of non-contractile scaffold.  In the 

model, the thickness of the contractile ring/annulus is assumed to be ~100 m.  When the 

thickness of the construct is this value or lower, all of the tissue is modeled as contractile.  As the 

thickness of the construct becomes larger, a non-contractile region in the center begins to grow.  

Reported values of fibrin stiffness (~1 kPa) were used to model this inactive region [Duong et 

al., 2009].  The contractile region is modeled as producing ~1 kPa of peak stress based on 

observation and previous research [Dennis et al., 2000], and the stiffness of the cantilever load 

that the tissue is working against is modeled as ~0.01 N/m, which is similar to the stiffness used 

to gather the data. This model of the effects of cell density results in the descending regions of 

the full model plotted in Figs. 4c and 4d, where final tissue diameter > 150 m.   

The other phenomenon modeled is the greater degree of non-uniformity for smaller 

diameter constructs.  This is modeled as compliant elements in series as shown in Figure 5 where 

exemplary strips are shown.  Significant nonuniformities exist for smaller diameter strips 

because forces generated by individual myotube formation and development generates 

significant stress that causes necking of the hydrogel material lacking in differentiated myotubes.  

This does not happen in thicker constructs because the larger cross sectional area of hydrogel is 

able to resist necking as individual myotubes mature over time.  The overall stiffness is 

dominated by the most compliant elements.  It has previously been reported that variation of the 

smallest strips (250 micron initial diameter) vary in diameter by 25% [Neal et al., 2014].  The 

effect of diameter non-uniformity on stiffness can be modeled as two springs in series having 

different stiffnesses. If the strip is simply modeled as 2 halves with one having 75% of the mean 

diameter, and the other having 125% of the mean diameter, then the effective stiffness of this 

structure is ~65% of a uniform structure having a constant diameter, under the assumption that 

stiffness is proportional to the diameter squared.  This disparity decreases to zero as the initial 

pin diameter increases.  This model of non-uniformity results in the decreasing performance as 

tissue diameter decreases. See the curves in Figs. 4c and 4d where final tissue diameter < 120 

m.  While more detailed models are possible, this was the simplest model based on the physics 

of the system that captures the general trend observed in the twitch data.  This same model fits 

well with both the stress and forces generated by the tissues.   

Concerning the variation in twitch force between individual strips, there is greater 

variability in smaller construct twitch performance due in large part to the greater dependence on 

individual myotubes. Individual myotube performance varies from one cell to the next.  The 

performance of the smaller diameter constructs varies more significantly than the larger 
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constructs which have a greater number of myotubes to average performance over as can be seen 

in Figs. 5a and 5b. 

The best performing strip diameter was 500 microns and generated an average twitch 

stress of 1.28 kPa.  This is in line with high performance muscle constructs reported in the 

literature [Huang et al. 2005, Lam et al. 2009, Hinds et al. 2011].  Using an optimal initial 

diameter of 500 microns, tissues outperformed tissues using 250 microns by more than 60% and 

tissues using 760 microns by 105%.  It is important to note that some papers report maximum 

twitch stress generation using a modified area in their calculation.  Hinds et al report a specific 

twitch force (stress generation) after they “normalize by the average cross-sectional area of the 

active muscle layer”.  Lam et al. report their specific twitch force using an “effective” diameter 

that is “the diameter of the constructs minus the area of the gel”.  The fact that research groups 

subtract the inactive central region of the tissue is in line with our findings of performance drop 

for larger diameter strips.  It is important to also bear in mind that isometric force measurements 

which are those typically reported, will be larger than forces measured against a compliant load. 

The existence of an optimal form factor implies that a full size skeletal muscle should be 

constructed as a bundle of the fascicle-like strips, each having the optimal diameter, rather than 

one monolithic bulk. As in-vivo muscles have a hierarchical structure, in-vitro grown skeletal 

muscles, too, should be constructed as a collection of optimal fascicle-like strips. When 

comparing twitch performance to other constructs made from bulk hydrogels, the directly 

measured generated stress is roughly twice as much.  This is even more impressive given that the 

maximum stress measured in the system is not with isometric contractions, but with contractions 

against a compliant load, and that an immortalized cell line is used here rather than primary 

derived myocytes typically used in bulk hydrogel constructs which tend to have superior 

contraction performance to cell lines. 

 The final key observation is about characterizing a tissue to find an optimal impedance 

for energy transmission. By using the optimally stiff cantilever, 12 pJ of energy per twitch were 

transferred to the load.  This demonstrates the utility of this unique tissue characterization 

platform.  Further, more complex characterization of muscle tissue performance using this 

system is possible.  This system may be used to characterize muscle tissue working against a 

wide variety of impedance loads from linear stiffness (as presented here) to non-linear, time-

dependent loads relevant to tissue engineering.  In its current state, the system cannot measure 

initial tension nor isometric tension because a measurable displacement is required to make a 

measurable force measurement, however, further advancements to the system to make these 

measurement and others is the subject of future work.  

The cantilever probe loads presented are all simply linear elastic impedances, but don’t 

need to be. Loads with dynamic impedance such as inertia and damping may also be 

implemented.  Loads may include hydrodynamic conditions and/or highly nonlinear materials.  

The probe loading conditions may be made to match the loading conditions the tissue will be 

under when eventually put into use. Additionally, thanks to the similar performance to electrical 

stimulation, optical stimulation may be used to quickly and easily test any individual tissue under 

these arbitrary loading conditions.  A valuable potential use will be testing constructs using 

cardiomyocytes instead of skeletal muscle cells. Cardiac muscle operates exclusively in a twitch-

like manner and drives a hydrodynamic load as it pumps.  Using this system, heart muscle tissue 

may be more fully characterized than isometric characterization can do alone.   

 The key findings of engineered muscle tissue as well as the characterization system 

presented here will be used to advance the field of muscle tissue research, muscle related drug 
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testing, and scaling engineered muscle constructs to produce muscle tissue systems of much 

larger size. 
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Fig. 1 | Muscle strip tissue construct and force probe diagram. a) Schematic and image of tissue 

culture device, along with confocal image of muscle strip consisting of numerous muscle cells in 

a device. b) Diagram, solid model, and image of cantilever in contact with tissue with no 

displacement. c) Diagram, solid model, and image of cantilever tip displacing tissue due to 

displacement of cantilever base. xtip is the lateral displacement of the cantilever tip, xbase is the 

lateral displacement of the cantilever base, and kprobe is the cantilever stiffness. L and L’ are the 

unforced and forced half-lengths of the tissue, respectively. Fprobe is the force on the probe tip, 

and Faxial is the force along the axis of the tissue. 
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Fig. 2 | Mechanical characterization system.  a) Schematic of mechanical characterization 

system. b) Key components of mechanical characterization system.  c) A 3D printed tip with a 

cantilever probe and electrodes. 
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Fig. 3 | Electric vs. optical performance results. Exemplary twitch data for multiple optical and 

electrically stimulated twitches for a better than average performing strip (a) and less than 

average performing strip (b). c) Aggregate data of maximum twitch force achieved for numerous 

twitches stimulated via electrical and optical signals. d) The ratio of optically to electrically 

stimulated maximum twitch force plotted against mean maximum twitch force generated 

electrically. Asterisks represent statistical differences with p < 0.05.  Error bars are standard 

deviation values and n is 30 for each sample set.  
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Fig. 4 | Peak twitch stress and force over various initial pin diameters. Peak stress (a) and force 

(b) from twitches generated by constructs made using various initial nominal diameter pins. 

Initial pin diameter is a key controlled variable in maximizing final tissue stress output and is 

shown in (a) and (b) to emphasize the statistical significance of the peak stress magnitude 

achieved when using a pin diameter of 508 microns. Asterisks represent statistically significant 

differences with p<0.05.  Peak twitch stress (c) and force (d) plotted against final construct 

diameter from constructs of differing initial pin diameter and a simple model that assumes 1) 

greater variability in tissue diameter along length for smaller diameter tissues, and 2) only the 

outer ~50 microns of construct produce significant contractile stress due to diffusion limited 

processes during development.  Compaction of the tissue from initial pin diameter to final tissue 

diameter is more dramatic for smaller diameter molds.  All error bars are standard deviations and 

n is 30 for each sample set. 
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Fig. 5 | Compliance model. Diagram of consequences of nonuniform strip development (a) vs. 

uniform strip development (b) showing that compliant regions in tissue result in internal 

displacements of the tissue that decrease the muscle’s transmission of mechanical energy to an 

external load.  (c) As the diameter increases, there is a greater volume of passive material that 

acts as a stiffness to decrease contraction stress generation. Unspecified scale bars are 50 µm. 
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Fig. 6 | Tissue performance under varying load conditions of a typical well performing construct.  

a) Peak twitch force and peak twitch displacement for a single tissue stimulated while laterally 

pulling the tissue with 4 different cantilevers of different stiffness.  b) Peak energy stored in the 

probe cantilever as a function of tissue displacement under 4 different cantilever loads. The 

straight line in a) is a linear regression fit to the force-displacement data, while the parabola in b) 

is the fit derived from the linear regression found in A).  The max. energy is produced in the 

middle of the force-displacement characteristics. Note: probe stiffness values are not equal to the 

geometry corrected effective stiffness seen by the tissue.  Error bars represent standard deviation.  

Error bars are smaller than symbol where not shown. 
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Fig. S1 | Force probe diagram. a) Free body diagram of cantilever tip when a tissue is displaced 

and a diagram with labeled lengths of the cantilever and tissue. b) Simplified free body diagram 

and length relationships. Fprobe is the force on the probe tip, and Faxial is the force along the axis 

of the tissue. xtip is the lateral displacement of the cantilever tip, xbase is the lateral displacement 

of the cantilever base. L and L’ are the unforced and forced half-lengths of the tissue, 

respectively.  
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Fig. S2 | Stimulation protocol.  For the electric vs. optical stimulation experiment, stimulation 

sub-cycles consisted of either electric stimuli first (a) or optical stimulation first (b).  These 

cycles were repeated alternatively in six full stimulation cycles (c) with 60 s of rest between each 

sub-cycle. 
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Fig. S3 | Twitch data analysis.  a) Raw probe tip data is generated from video processing 

software. b) Individual twitch data. c) Raw data is interpolated for point-to-point matching with 

probe base data recorded with a laser micrometer. d) Interpolated twitch data from base and tip 

data sets are geometrically combined to generate data for the axial force of the tissue.  e) Twitch 

data is adjusted for the slight creep occurring during the twitch assuming a constant creep rate.   
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Fig. S4 | Electrode design. a) Top view of tissue well showing electric field lines independent of 

probe tip displacement in which electrodes do not move as probe tip displaces tissue. b) Image 

and side view diagram of compliant electrodes above tissue well. c) Image and sideview diagram 

of compliant electrodes inserted into tissue well. Well diameters are 5 mm. 
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Fig. S5 | Compliant electrodes functioning. As the cantilever tip is displaced to the left (a), center 

(b), and right (c) of a well, the compliant electrodes do not lose contact with the well walls. 
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