
 
 

Libraries and Learning Services 
 

University of Auckland Research 
Repository, ResearchSpace 
 

Copyright Statement 

The digital copy of this thesis is protected by the Copyright Act 1994 (New Zealand). 

This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 

 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognize the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material 
from their thesis. 

 

General copyright and disclaimer 
 

In addition to the above conditions, authors give their consent for the digital 
copy of their work to be used subject to the conditions specified on the Library 
Thesis Consent Form and Deposit Licence. 

 

 

http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/sites/public/files/documents/thesisconsent.pdf
http://www.library.auckland.ac.nz/services/research-support/depositing-theses/licence-summary


Mechanical Testing of Chemically 
Permeabilised Cardiac Tissues 

Dong Hoon Choi 

A thesis submitted in fulfilment of the requirements for the degree of 

Masters of Engineering in Bioengineering 

The University of Auckland 

2019 



 

ii 

 



iii 

 

Abstract 

Diabetes mellitus is a chronic disease arising from the inability of the body to produce or 

effectively use the hormone insulin. Diabetes is associated with an increased prevalence of heart 

failure, however the underlying reason is not yet clear. Mitochondrial dysfunction is thought to 

be the primary driver for the pathogenesis of diabetic heart failure through the accumulation of 

metabolites resulting in inhibition of cardiac contractility. In order to understand the effect of 

metabolite action on cardiac function, it is necessary to develop a device that is capable of 

measuring cardiac contractile mechanics in response to different metabolite concentrations.  

For this purpose, a new device for mechanical testing of chemically permeabilised cardiac tissues 

under a variety of chemical environments was developed and tested. The device comprised three 

subsystems: a mechanical perturbation system, a scanning microscope, and a multi-well tissue 

bath system. The device was calibrated and a series of tests were performed to characterise the 

measurement system.  

The capability of the device was exemplified through a series of experiments performed on 

cardiac trabeculae. The dynamic stiffness frequency response function was successfully measured 

in both intact and chemically permeabilised cardiac trabeculae. The characteristic shape of the 

measured dynamic stiffness frequency responses of chemically activated, permeabilised 

trabeculae were comparable to those observed in the literature. A mathematical model was fitted 

to an example of a measured frequency-response function, and the rate constants associated 

with the mechanical processes involved in cardiac contraction were obtained.
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Chapter 1. Introduction 

 Motivation 

Diabetes mellitus affects over 400 million people globally, and each year its prevalence is 

increasing [1]. Diabetes is associated with increased rates of heart failure which is one of the 

leading cause of mortality among the diabetic population. Heart failure is a chronic, progressive 

condition in which the heart is unable pump enough blood to meet the demands of the body, 

and arises from changes in the structure and function of the myocardium (heart muscle). It is 

characterised by high blood pressure, increased heart mass, dilation of the ventricles, and 

impaired contraction. The contribution of diabetes to these failures of heart tissues is poorly 

understood.  

The pathophysiological mechanism of heart failure development is multifaceted, however, 

evidence in the literature suggests that alteration to cardiac metabolism, in the form of 

mitochondrial dysfunction, is one of the primary drivers for pathogenesis in the diabetic heart 

[2]–[5]. The mitochondrion is a cell organelle which generates energy in the form of Adenosine 

Tri-Phosphate (ATP) [6]. In a healthy heart muscle mitochondria synthesise ATP through breaking 

down glucose and fatty acids. However, in the diabetic heart, fatty acid utilisation is upregulated 

and reliance on glucose metabolism is decreased [4], [7], [8]. This change in the metabolic 
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function is believed to cause metabolic products to accumulate and inhibit muscle contraction 

[9].  

In order to investigate the effect of mitochondrial action (functional and dysfunctional) on 

myocardial contraction, it is necessary to develop a device that allows investigation of the 

mechanics of cardiac tissues in the presence of a variety of metabolite concentrations. 

 Project Objectives 

The aim of this project is to develop a new mechanical testing apparatus to allow chemically 

permeabilised samples of cardiac tissue to be chemically activated while subject to length 

perturbations. The objectives of this ME project are: 

1. Develop the hardware and software for a laser-interferometer based mechanical testing 

apparatus suitable for measuring the dynamic stiffness frequency response function of 

cardiac trabeculae. 

2. Design a fluid flow system that will allow in situ permeabilisation of cardiac trabeculae 

and rapid switching of superfusate solutions of varying chemical compositions. 

3. Measure the dynamic stiffness frequency response function of intact and permeabilised 

cardiac trabeculae under a variety of chemical conditions. 
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 Thesis Outline 

Chapter 2 describes the anatomy and physiology of the heart, and introduces historical methods 

of performing mechanical testing of cardiac muscle preparations to obtain the dynamic stiffness 

frequency response function. 

Chapter 3 describes the hardware and configuration of the mechanical testing system as well as 

the methodology for system control and data acquisition. 

Chapter 4 outlines the calibration and tuning process for the force transducer and the motor 

controller, and describes the series of tests performed to characterise the system. 

Chapter 5 describes the experiments performed in the developed system on cardiac trabeculae, 

and compares the obtained results to literature and discusses the implications of the findings. 
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Chapter 2. Background 

This chapter provides a general overview on the anatomy and physiology of the heart. It explores 

some of the historical approaches that have been taken to perform mechanical testing of isolated 

cardiac tissues, outlines the methods used to permeabilise cardiac tissues, and describes the 

advantages that are gained from performing mechanical tests on permeabilised samples. 

 The Heart and its Function 

The human heart typically beats 70 times per minute, and pumps approximately 70 ml of blood 

with each beat, circulating roughly 7000 litres of blood throughout the body each day. The 

flowing blood provides the body with a consistent supply of oxygen and nutrients as well as the 

removal of metabolic waste products.  
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The heart is often referred to as having a left and a right side, which reflects its function as two 

parallel pumps. Each side of the heart comprises two contracting chambers, an atrium and a 

ventricle. One way heart valves in the chambers ensure that blood flow is unidirectional. The right 

side of the heart pumps the blood around the pulmonary circuit, to the respiratory system, and 

the left side transports the blood around the systemic circuit, to the rest of the body. The blood 

pumped out of the left side of the heart is returned to the right side, and the blood pumped from 

the right side is returned to the left (Figure 2.1) [6]. 

 

Figure 2.1 Diagram of the circulatory paths of the left and right sides of the heart. The central block denotes 

the heart, with its four constituent chambers (left and right atria (LA and RA) and ventricles (LV and RV)), as 

well as the atrioventricular (AV) valves, and the semilunar (SL) valves. The red arrows indicate the directionof 

blood flow to and from the heart. 

Each pumping action of the heart (i.e. the cardiac cycle) can be considered to comprise four 

distinct phases. These phases are similar for both the left and right side of the heart, with the only 

differences being the pressures developed, and the volume of the chambers [6]. The four phases 

are often referred to by the state of the ventricle and are known as: ventricular filling, 

isovolumetric ventricular contraction, ventricular ejection, and isovolumetric ventricular relaxation. 

The cardiac cycle can also be described by a parametric plot of pressure against volume in the 

ventricle as shown in Figure 2.2 [10]. 
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Figure 2.2 Pressure-volume loop of a ventricle during a cardiac cycle. Each arrow represents a different phase 

in the cycle. 

Ventricular filling occurs when the pressure in the atria exceeds that of the ventricles. This 

pressure gradient causes the atrioventricular (AV) valves to open. Blood from the atria flows into 

the ventricles with the aid of atrial contraction, and the volume of the ventricles increase 

accordingly. When the ventricles are electrically activated they begin to contract. The resulting 

increase in ventricular pressure causes the closure of the AV valves, and the ventricle contracts 

isovolumetrically, causing a pressure increase with no change in volume. When the ventricular 

pressure exceeds that of the outlet blood vessel, the semilunar (SL) valves open as a result of the 

pressure gradient and ventricular ejection occurs. Blood leaves the ventricles and is pumped into 

either the pulmonary or systemic circulatory system. When ventricular pressure no longer 

exceeds the vessel pressure, the SL valves close and the ventricles relax isovolumetrically until the 

next cardiac cycle begins [6], [10].  
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 Trabeculae as a Model of the Heart 

The heart wall consists of three layers, the epicardium, myocardium, and the endocardium. Of 

these three, the myocardium makes up the majority of the heart wall. It is responsible for the 

coordinated contraction of the chambers, and thus the pumping action of the heart.  

The myocardium layer is complex in structure and resultantly exhibits complex biomechanical 

properties. Cardiac tissue is anisotropic and inhomogeneous, and has been observed to have 

laminar sheet structure [11]–[13].  Mechanical testing on canine, rabbit, and rat heart tissue has 

shown that passive myocardium exhibits nonlinear, viscoelastic behaviour, as well as having 

history and temperature dependence [14]–[17]. In order to reduce the complexity of experimental 

techniques and to simplify the interpretation of experimental data, experiments on myocardium 

are often performed uniaxially [16]–[19].  

 

Figure 2.3 Images of cardiac trabeculae. A: Inner wall of the right ventricle of a rat heart, the arrow indicating 

a free running trabecula with a geometrically uniform cross section. B: Disected trabecula from panel A. 

Adapted from [20] 
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In the literature, uniaxial experiments are commonly performed on papillary muscles or 

trabeculae [17]–[26]. However, papillary muscles have been described as being a thumb shape, 

having an axially varied cross sectional area, resulting in the non-uniform distribution of stress 

and muscle extension [27]. Resultantly, trabeculae are often a preferred preparation for 

measuring cardiac mechanics. 

Trabeculae are cylindrical groups of cardiac muscle cells (cardiomyocytes) that are found in the 

ventricles of the heart, and have been reported to be structurally homologous to the ventricular 

wall [28]. They can often be found to be “free-running”, meaning that they have no attachments 

to the ventricular wall along their length with the exception at either end (Figure 2.3). This 

minimises the potential for damaging the tissue through cutting injury during dissection. 

The key advantage of using trabeculae for experimental tissues is the axial alignment of the 

cardiomyocytes along its length, as this ensures that force production and muscle shortening 

occurs uniaxially [28]–[30]. This allows measurement of the mechanical properties of cardiac 

tissue using a one-dimensional sample, and avoids dealing with the confounding issues of the 

complex three-dimensional arrangement of these tissues in the myocardium. Likewise, the 

pressure-volume loop of the cardiac cycle can be described as a force-length loop through this 

means.  

 Contractile Mechanisms 

The contractile elements of cardiac muscle are organised in repeating functional units known as 

sarcomeres. Sarcomeres predominantly comprise bundles of interdigitating contractile proteins 

arranged in thick and thin filaments. The centre of a sarcomere is known as the M-line and the 

ends are marked by Z-lines from which the thin filaments protrude. The region of the sarcomere 

that contains the thick filaments is known as the A-band, and the region that stretches across 

adjacent sarcomeres where there is no thick filament is termed the I-band (Figure 2.4). It is the 

alternating pattern of A-bands and I-bands that give rise to the striated appearance of cardiac 

muscle.  
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Figure 2.4 Simplified schematic diagram of two adjacent sarcomeres.  

Each thick filament contains approximately 300 molecules of the protein myosin. A myosin 

molecule is made up of a myosin tail and two myosin heads. The tails form the central shaft of 

the thick filament and the heads protrude radially from the shaft towards the thin filaments. 

Globular actin protein molecules arranged into a double helix form the principal component of 

the thin filaments. Additional to actin, the thin filaments also have the regulatory proteins: 

troponin and tropomysosin. Troponin holds the tropomyosin in place over the myosin head 

binding sites of the actin molecules to inhibit interaction between the two filaments until induced 

[6], [31].  

 The Crossbridge Cycle 

When a wave of electrical activity travels through the myocardium, calcium is released into each 

cell. The liberated calcium binds to the troponin molecules of the thin filaments and causes the 

troponin molecules to undergo a conformational change, moving the tropomyosin proteins to 

uncover the myosin head binding sites on the actin molecules.  When this occurs a process known 

as crossbridge cycling begins. 

The ‘crossbridge cycle’ describes the biochemical process of force development in striated muscle. 

The crossbridge cycle is commonly broken down into four steps: Adenosine Tri-Phosphate (ATP) 

hydrolysis, crossbridge formation, the power stroke, and crossbridge detachment (Figure 2.5) [6].  
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1. ATP molecules bound onto the myosin head are hydrolysed by an enzyme called ATPase. 

The hydrolysis of ATP energizes the myosin head, tilting the head back into a high energy 

conformation, and results in Adenosine Di-Phosphate (ADP) and inorganic phosphate (Pi).  

2. The high energy state myosin heads then bind to the myosin head binding sites on the 

actin molecules to form a structure referred to as a crossbridge.  

3. The bound crossbridge goes from a high energy conformation to a low energy 

conformation, rotating the myosin head towards the centre of the sarcomere and sliding 

the thin filaments along the thick filaments. As this power stroke occurs, the ADP is 

released from the ATP binding site of the myosin head. 

4. ATP binds onto the vacated ATP binding site, and the myosin head detaches from actin. 

This process of crossbridge cycling continues for as long as the myosin head binding sites remain 

uncovered, and the availability of metabolites such as ATP does not diminish.  

 

Figure 2.5 Diagram showing the four stages of the crossbridge cycle: 1) ATP hydrolysis, 

2) Crossbridge formation, 3) Power stroke, 4) Crossbridge detachment  
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 Force-Length Relations 

The Frank-Starling mechanism is the governing law of cardiac function. It describes an intrinsic 

property of myocardium, where active tension development is enhanced with increased muscle 

length [26], [32], [33].  Two factors that contribute to this force-length relationship in myocardium 

are the intra-sarcomere filament structure and length-dependent calcium sensitivity [34]. 

The relationship between sarcomere length and maximal force development in skeletal muscle 

was first reported by Gordon et al. in 1966 [35]. It was not until 1975 that Fabiato and Fabiato. 

reported the same relationship in myocardium [36]. The findings of Gordon et al. described the 

tension development to be associated with the overlap between the thick and thin filaments, 

which translates to sarcomere length. The relationship between sarcomere length and force can 

be seen in Figure 2.6. For sarcomere lengths greater than 2 µm, the force development is 

proportional to the overlap between the myosin heads of the thick filaments and the thin 

filaments. At sarcomere lengths shorter than 2 µm, the thin filaments begin to overlap, causing a 

reduction in force production, and at lengths shorter than 1.65 µm, the thick filaments become 

compressed by the z-lines, causing a much steeper decrease in force.  

 

Figure 2.6 Sarcomere force-length relationship. Diagrams for each section shows the state of the sarcomeres, 

and the interaction of the thick (red) and thin (blue) filaments.  
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The length-tension twitch relationship experimentally obtained from myocardium exhibits a 

steeper decline in active force production with shortened muscle lengths than the 

intra-sarcomere filament structure alone can explain [37]. It was first thought that this steepness 

was a result of increased calcium release within the muscle with increased muscle length, however 

experiments performed by Allen and Kurihara [38] revealed that rapid changes in muscle length 

had little to no effect on the calcium release within the muscle. Instead of increased calcium 

release, the steep force-length relation of myocardium has since been attributed to muscle 

length-dependent calcium sensitivity of myocardium [38]–[40]. Experiments performed by 

Hibberd and Jewell [40] and Kentish et al. [39] confirmed that the concentration of calcium 

required to reach a certain isometric force production decreased with increasing muscle length. 

The mechanism behind this increased sensitivity is believed to be length dependent positive 

cooperativity in crossbridge formation, where the initial crossbridge formation facilitates further 

formations, and therefore increased force generation [41], [42]. 

 Mechanical Testing 

Mechanical perturbations of muscle preparations have been used since the 1980’s to identify and 

characterise the crossbridge kinetics [43]–[45]. In these studies, mechanical perturbations were 

applied to one end of a muscle preparation, and the force response of the preparation was 

measured at the other end. The input (perturbation) signal and the output (force) signal can be 

processed to yield the dynamic stiffness frequency response function of the muscle, to which 

models can be fitted to identify the crossbridge kinetics of that particular preparation. 

The dynamic stiffness frequency response function of an activated ventricular muscle preparation 

exhibits a minimum in stiffness in the frequency range of approximately 0.2 to 3 Hz, depending 

on the temperature at which the experiment is performed [46]. In early interpretations, this 

stiffness dip was thought to be attributed to the crossbridge cycling rate alone [43], [47]. However, 

Berman et al. [48] later hypothesised that the frequency response was more complex and 

described it as the interaction between crossbridge recruitment dynamics and crossbridge cycling 

dynamics, which Campbell mathematically analysed in 1993 [49]. 
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In the dynamic stiffness frequency response, a process occurring at a higher frequency than the 

frequency of perturbation appears to be at equilibrium, and processes occurring at lower 

frequencies appear not to happen [50]–[52]. As some conformations of the crossbridge during a 

cycle support tension and others do not, the elementary steps of the crossbridge cycle are 

observed as magnitude and phase changes of the stiffness at different frequencies [53]. Through 

small amplitude perturbations of muscle across a range of frequencies Kawai and Halvorson were 

able to resolve the elementary steps of the crossbridge cycle, and develop a six-state crossbridge 

cycling scheme accordingly [51]. Through application of crossbridge cycling schemes and their 

mathematical models it is possible to identify the rate constants of the elementary processes [43], 

[53]–[55].   

The frequency of the stiffness dip and the rate constants have been shown to be independent of 

muscle length, but have been seen to change with disease and metabolite concentrations [24], 

[46], [48], [53]–[58]. Dynamic stiffness analysis of muscle preparations under a variety of 

interventions and extracting the associated rate constants and dip frequency allows a more 

insightful understanding of their biomechanical effects. 

 Permeabilised Muscle Preparations 

Sustained, steady state contracture is usually induced before measuring the dynamic stiffness 

frequency response of a muscle.  

For intact muscle preparations, contracture is often induced chemically before measurement of 

the dynamic stiffness frequency response. This is most commonly achieved through employing 

a solution containing barium [23], [24], [59]. However a shortfall of performing experiments on 

intact muscle is the inability to control the internal concentrations of ions and metabolites. This 

is achievable through ‘permeabilising’ the muscle preparation. 

Permeabilisation of muscles refers to the disruption or removal of the surface membrane, 

enabling chemical access to the intracellular elements such as the contractile proteins [60]. This 

enables the perfusion and control of the concentration of ions and metabolites of experimental 

interest directly into the muscle [61]. In the literature muscles are permeabilised either 

mechanically or chemically, the latter of which is more common.  
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Mechanical permeabilisation is achieved through removal of the sarcolemma by microdissection, 

and rolling it back along the fibre using forceps [60], [62], [63]. The advantage of mechanical 

permeabilisation is that it doesn’t disrupt the mechanisms for producing contraction through 

electrical stimulation [60]. The difficulty of this method, and the reason that chemical 

permeabilisation is more commonly performed, is due to the potential to damage the muscle 

preparation during handling. 

Chemical permeabilisation is performed by exposing the muscle preparation to detergents, such 

as Triton X-100, that permeabilises the membrane [54], [60], [64]. Unlike mechanical 

permeabilisation, chemical permeabilisation does not preserve the ability for muscles to be 

electrically stimulated, but does circumvent the potential damage that mechanical alternative 

introduces [60]. Additionally, it allows the flexibility of permeabilising the muscle once already 

mounted into a mechanical testing system. 

Having exposed the intracellular contractile elements through permeabilisation, the crossbridge 

cycle can be chemically elicited by introducing high concentrations of free calcium ions to the 

intracellular space which bind to the troponin molecules. Crossbridge cycling continues until the 

calcium is sequestered from the intracellular space.  
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Chapter 3. Hardware Implementation 

This chapter describes the design and development of the hardware required for performing 

mechanical tests on trabeculae samples. It outlines the requirements and specifications of the 

system, the system configuration, the selection of components used, and important properties 

of the system. It also describes the methodology for system control and data acquisition. 

 Requirements and Specifications 

A benchtop device was designed and built for performing mechanical tests on isolated cardiac 

trabeculae. The following were the requirements of the device: 

 Allow small amplitude length perturbations ranging between 2 µm to 8 µm at frequencies 

ranging from 0.1 Hz to 100 Hz. 

 Allow for length adjustment for a variety of different trabecula samples 

 Provide rapid switching between baths containing different superfusate formulations  

 Provide measurements of active and passive force production of muscle 
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 Provide optical measurements of sarcomere length 

 

Figure 3.1 Completed benchtop device configuration with all constituent components. 

 Device Configuration 

Figure 3.1 shows the configuration of the device. The device comprised three constituent systems: 

a mechanical perturbation system, a scanning microscope, and a multiple-well tissue bath system. 

All components were mounted onto a pneumatically damped optical table to mechanically 

isolate the system from the surrounding environment. 

 Mechanical Perturbation System 

The mechanical perturbation system comprised a voice-coil motor and a flat stainless-steel 

cantilever force transducer (Figure 3.2). The body of the voice-coil motor was 3D resin printed 

and the coil was hand wound using 150 µm copper wire. The stainless-steel cantilever was also 

custom made to have a resonant frequency well above the measurement bandwidth (~100 Hz) 

and sensitivity in the order of 1 µN. The details of the voice-coil motor assembly and force 

transducer are described in [19].  
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Figure 3.2 Close up view of the mechanical perturbation system showing the voice-coil motor, force transducer, 

mounting hooks, and objective lens for the scanning microscope. Bottom right inset shows the shape of the 

mounting hooks. 

Stainless steel orthodontic wire with a diameter of 250 µm was used to fashion ‘S’ shaped hooks  

(Inset Figure 3.2) which were glued onto the end of both the voice-coil motor and force 

transducer. The hooks were arranged in opposition to one another, and were axially aligned at a 

fixed height. These hooks provided the mechanism for attaching ends of the tissue to be analysed 

in the mechanical perturbation system. 

Measurement of motor position and force development was provided by a dual-axis heterodyne 

interferometer system. Figure 3.3 shows a bird’s-eye view of the laser paths around the system. 

A Keysight 5517D laser head provided a HeNe laser source, which was directed by Hewlett 

Packard interferometer cubes (10705A) and captured by laser receivers (10780C). One axis 

measured the deflection of the force transducer, while the other measured the position of the 

voice coil motor. Reflective tape was adhered to the back of the cantilever in order to produce 

an interferometer signal to complete one axis, and a corner cube was mounted onto the back of 

the voice coil motor to complete the other. The system provides a position resolution of 

approximately 1.23 nm at a sampling rate of 2 kHz.  
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Figure 3.3 Diagram of the laser path along the sytem. The blue cubes represent the beam benders, splitters 

and interferometer cubes used to manipulate the laser path. 

 Scanning Microscope 

A microscope was built into the device in order to measure the sarcomere length of mounted 

trabeculae. The scanning microscope was set up in an inverted transmission bright-field mode. 

A Nikon objective lens with a working distance of 1.7 mm – 2.7 mm (CFI Achro LWD ADL 40XC) 

was mounted underneath the wire hooks, and a lamp and condenser from a Leica microscope 

(Leica DMIL) was mounted above. A USB camera (Point Grey Flea3) was connected to the lens 

via an infinity corrected optical tube to collect transmission images. The camera was able to 

obtain monochromatic images at frame rates of up to 150 fps (1.3 Megapixel, 1280 x 1024 pixels).  

The entire imaging system was mounted onto a Parker-Daedal linear stage motor (MX80L) to 

enable axial scanning of the mounted tissue. This motor was driven using a motor drive (Vix 

model number) and controlled using serial commands. The motor was aligned in axis with the 

hooks so that the motor could scan the microscope along the length of the trabecula mounted 

between the hooks. 

The field of view of the scanning microscope was estimated by imaging an Edmund Optics ronchi 

ruling slide (#59-552). The slide has parallel lines running along its length, at 200 lines/mm. From 

the images taken (Figure 3.4), it was estimated that there were approximately 4.0775 pixels/µm, 

resulting in a field of view of approximately 314 µm by 251 µm.  
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Figure 3.4 Images of an Edmund Optics ronchi ruling slide (200 lines/mm) using the scanning microscope. 

The images were used to estimate the approximate field of view of the microscope (314 µm by 251 µm) 

The method of calculating sarcomere lengths described by Cheuk was implemented in this device 

[65]. Similar techniques were validated and used to calculate sarcomere lengths by Dobesh et al. 

and Kirton [17], [66]. In short, a user-defined rectangular sub-image containing visible striation 

was selected from the microscopy image and a 2D fast Fourier transform was performed. The 

vertical bins of the central rows about the DC term were summed (± 20 % vertical bins), to output 

a line profile describing the spatial frequency domain power spectrum. The spatial frequencies 

were inverted to express the spatial period, and an exponential function was fitted to and 

subtracted from the line profile. The result was a single peak corresponding to sarcomere length. 

A Gaussian function was least squares fitted to the peak, and the centre of the Gaussian function 

was taken to be the calculated sarcomere length. This results of the sarcomere measurement can 

be seen in Chapter 5.  

 Multi-well Tissue Bath 

For the purpose of alternating superfusate solutions between mechanical testing of trabeculae, 

a rapid switching multi-well tissue bath system was designed and implemented. The system was 

designed for six open-top baths, one bath with solution flow, and five without. As the baths were 

located between the muscle hooks and the objective lens of the scanning microscope, the depth 

of the tissue baths was limited by the working distance of the lens (< 2.7 mm). Figure 3.5 shows 

a schematic of the tissue bath design.  
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The frame of the tissue bath was laser cut out of 2 mm acrylic sheets and the channels for the 

flow-through bath were milled. Solution flow into the flow-through bath is achieved through a 

gravity-fed reservoir, and solution outflow was achieved through employment of a peristaltic 

pump. Two platinum electrodes were inserted into the side of the flow through bath to enable 

electrical field stimulation of mounted trabeculae. Each of the baths was 10 mm long. The flow-

through bath was made 6 mm wide, whereas the other five baths were 4 mm wide. This extra 

width was designed into the flow-through bath to accommodate the electrodes. A 120 µm thick 

microscope cover slip was cut and glued to form the bottom of the tissue baths. 

Figure 3.6 shows the mechanism used to enable rapid bath switching. Two degrees of freedom 

were required for bath switching and were achieved using a cammed DC motor 

(MicroMo Electronics 1331E012SR) and a second Parker-Daedal linear stage motor (MX40L). The 

DC motor was mounted onto a sprung linear stage mounted vertically using an L-bracket. This 

enabled vertical motion of the tissue baths to clear the hooks to avoid collisions with the bath 

walls. The cam was designed to raise and lower the baths by 2 mm, and mechanical stops ensured 

that the cam would not over-rotate. The cam and the clamps mounting the DC motor were laser 

cut out of acrylic. Translation of the baths was achieved using the linear stage motor driven by a 

ViX motor driver.  

Bath switching was accomplished by first lowering the baths from the line of the hooks using the 

DC motor, translating the required bath under the hooks using the Parker-Daedal motor, and 

then raising the bath into place again. The transition from one bath to another took <1 s to 

complete. 
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Figure 3.5 Schematic drawing of the multi-well tissue bath (without coverslip). The bath furthest on the right 

was used as the flow through bath, and had channels milled into the top to accommodate the inflow and 

outflow channels. Two holes drilled into the flow-through bath were for the insertion of two platinum stimulus 

electrodes. All dimensions in mm. 

 

 

Figure 3.6 Rapid bath switching mechanism comprised of a cammed DC motor, sprung linear stage, and a 

linear stage motor. Bottom right inset shows a Solidworks render of the acrylic cam on the DC motor.  
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 Data Acquisition and Control 

Data acquisition and control of the system was performed in a LabVIEW programming 

environment hosted across two computers: a LabVIEW Real-Time system, and a Windows 64-bit 

system. The real-time computer was equipped with a PCI-7811 Field-Programmable Gate Array 

(FPGA) and a motor control card (PCI-7340) to interface with the mechanical perturbation and 

bath switching systems. Figure 3.7 shows a diagrammatic overview of how each of the constituent 

systems fit into the overall device.  

A National Instruments cRIO R-Series Expansion Chassis (NI-9151) was connected to the FPGA to 

house C-Series I/O Modules to communicate with the interferometers, control the voice-coil 

motor, and to energise the stimulus electrodes. Two digital I/O modules (NI-9403) were used to 

read the interferometer register positions from the two axes, and a voltage output module (NI-

9263) was used to run the voice-coil motor and electrodes. The positions of the voice-coil motor 

and the deflection of the force transducer were saved at a rate of 2 kHz. The measurements were 

sent from the real-time computer to the Windows computer using a network stream and saved 

to disk. Sending the data to the Windows computer for saving was necessary due to the limited 

disk writing speeds provided on the real-time computer. Network streaming was chosen for 

transmission of data between the computers as it was designed for lossless, high-throughput 

data communication, and supports arbitrary data types (such as double precision numbers) 

without having to flatten and unflatten the data into an intermediate datatype (such as strings). 

Received data were then converted and saved as separate channels in a National Instruments 

TDMS (Technical Data Management Streaming) data format. 
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Figure 3.7 System overview showing the relationship between the different components of the device. 

 

The voltage output module was capable of commanding ±10 V from each of its four channels, 

but only able to drive a maximum current of ±1 mA. Thus, in order to drive the voice-coil motor 

and the stimulators, both of the channels used were current amplified by a power amplifier circuit 

(Cirrus Logic, PA75CX) configured as a voltage follower.  

The control of the voice-coil motor was achieved through implementation of a 

proportional-integral-derivative (PID) controller on the FPGA. The controller was executed at a 
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rate of 4 kHz, and sets the voltage for the voice-coil motor channel of the voltage output module. 

Figure 3.8 shows a block diagram of the controller structure, where KP, KI, and KD are the controller 

gains.  

 

Figure 3.8 Block diagram of PID control algorithm implemented for negative feedback control of 

voice-coil motor. 

A four axis Universal Motion Interface (UMI-7764) was wired to the motor control card to 

interface with the two motors in the bath switching system. One of the axes was wired up to a 

ViX motor driver, which controlled the linear stage motor in stepper-driver mode. Commands 

were sent from the real-time computer to the motor driver, dictating the number of encoder 

steps to move, and in which direction. Control of the DC motor was achieved by sending the 

motor a 200 ms pulse of ±5 V on command to rotate the cam. The length of the pulse was 

sufficient to ensure that the cam would make a full rotation, and the mechanical stops on the 

cam ensured that the cam rotation would not overshoot the position required to raise or lower 

the height of the bath. 

The scanning microscope was controlled using the Windows computer. The Flea3 camera was 

connected to the computer using a USB3.0 interface. LabVIEW 2017 was used to view and save 

the images, and dynamically control exposure time, frame rate, and gain. Within LabVIEW, image 

saving was performed in parallel with image acquisition to enable high-rate data streaming. 

Images were converted into a stream of pixel values and saved as TDMS files. Serial commands 

were sent to the motor driver from the LabVIEW environment to control the position of the 

scanning microscope.
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Chapter 4. System Calibration and Testing 

This chapter describes the force transducer calibration process, and tests performed to 

characterise the measurement system. It also outlines the methods, the results of dynamic 

stiffness experiments performed on silicone trabecula phantoms, and discusses the implications 

and validation of the results. 

 Force Transducer Calibration 

Calibration of the force transducer was paramount to obtaining accurate stiffness information 

from trabeculae experiments, enabling the conversion of cantilever deflection to corresponding 

force. A factory-calibrated load cell (FSH02319, Futek) was used to perform the calibration. A flat 

ended probe was attached to the sensing face of the load cell, and the load cell was mounted 

onto the voice-coil motor so that the probe was in line with the end of the mounting hook of the 

force transducer. The load cell was connected to the Real-Time computer using an additional NI 

DAQ interface and C-series module (NI cDAQ-9171 and NI-9237). Force data from the load cell 
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and force transducer position were acquired simultaneously as the motor pushed the probe end 

into the hook, causing cantilever deflection.  

  

Figure 4.1 Force transducer calibration curve. Grey crosses indicate experimental data, and the dashed red 

line indicates the linear fit to the experimental data. The equation for the fitted line and the r2 value are 

shown in the top right of the figure. 

The grey crosses in the calibration curve (Figure 4.1) show the experimental data obtained from 

the force transducer and load cell. The relationship between force transducer deflection and 

applied force was found to be linear, and a line was fitted to the data. The equation of the line 

can be seen in the top right of the figure. The slope of the calibration curve indicated that the 

force transducer had a sensitivity of -7.35682×10-1 N/mm. The quality of the line fit to the data 

was measured using the r2 value, which was calculated to be 0.9996 using the following equation. 

 
𝑟2 = 1 − 

∑(𝑌𝐷𝑎𝑡𝑎 − 𝑌𝐹𝑖𝑡)2

∑(𝑌𝐷𝑎𝑡𝑎 − �̅�𝐷𝑎𝑡𝑎)2
 1 
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 System Resonance 

When performing dynamic stiffness measurements of tissue samples at a wide variety of 

frequencies, both the mounted sample and the device experience the mechanical perturbations. 

To ensure that the measured dynamic response was purely that of the mounted sample, it was 

important to understand the dynamic properties of the measurement system. Power spectral 

analysis was performed on the mechanical perturbation components of the device to determine 

the frequency response of the system. 

The power spectrum of a signal describes the signal with respect to frequency. Through 

performing a Fourier transform on a time-domain signal, it is decomposed into its distinct 

frequency components, and a power spectrum indicates how the power of the signal is 

distributed across the measured frequencies.  

Physical components such as the voice-coil motor and the force transducer exhibit their own 

natural frequencies. This is the frequency at which the system naturally oscillates when not subject 

to a driving or a dampening force, such as the frequency at which a glass rings out upon being 

tapped. The natural frequency of a system is dependent on its properties, such as the stiffness 

and mass. When a system is mechanically excited at its natural frequency, resonance occurs, 

inducing large amplitude vibrations. Hence, there was a need to be aware of the natural 

frequencies of the voice-coil motor and the force transducer as to ensure that the system would 

not resonate within the range of frequencies at which the sample was to be perturbed. 

Without anything suspended between the two hooks, mechanical noise was introduced into the 

system by tapping on the optical table. Data were acquired at a rate of 2 kHz, and ten seconds 

of each recording was extracted and post processed in LabVIEW to output the two power spectra 

shown in Figure 4.2. The power spectra showed a resonance at approximately 360 Hz for the 

voice-coil motor, and approximately 780 Hz for the force transducer.  When a silicone phantom 

was mounted between the hooks the resonant frequencies decreased to 300 Hz and 450 Hz 

respectively. As the natural frequencies of the voice-coil motor and the force transducer were 

outside the range of frequencies of interest for performing dynamic stiffness analysis, no further 

changes were required to be made to the system, and gave confidence that dynamic stiffness 

measurements made by the system would not be contaminated by system resonance. 
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Figure 4.2 Power spectra of the mechanical response of the voice-coil motor (top) and 

force transducer (bottom) to tapping on the top of the optical table. Frequency bin spacing of 0.1 Hz. 
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 PID Gains 

Position control of the voice-coil motor required a compromise between tightness of control and 

stability, or how well it follows the set point (controller input), and whether the motor output is 

bounded given a bounded input. For this system, the motor was required to be highly stable and 

accurate at holding a position, in order to change and maintain trabeculae length. For the 

purposes of dynamic stiffness testing, the stability of the motor was deemed of greater 

importance than the tightness of control. This is because the true motor position is measured by 

laser interferometer and is directly used to determine the dynamic stiffness frequency response 

of samples.  

Adjustment of the PID controller gains (KP, KI, and KD) enabled the motor controller to be tuned 

to fit the control requirements. The controller gains were empirically found and are shown below. 

The derivative gain was set to zero, as the introduction of the derivative component of the 

controller produced instability. The result was a PI controller, implemented within a generic PID 

controller architecture.  

 𝐾𝑃 = 8.0 × 10−5 

𝐾𝐼 = 3.5 × 10−8 

𝐾𝐷 = 0 

2 

With the PID controller gains set to the values shown above, the standard deviation of the 

position noise at steady state was 5.0 nm.  
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 Dynamic Stiffness Measurement Protocols 

Two protocols for performing dynamic stiffness frequency response function measurements were 

considered: white noise and swept sine perturbations. For white noise perturbation, a uniformly 

distributed, pseudorandom signal with a user-defined maximum amplitude was passed through 

a 2nd order low pass Butterworth filter (200 Hz cut-off frequency) and input as the set point for 

the voice-coil motor. For the swept sine perturbation protocol, the motor set point was 

implemented by prescribing a series of sinusoidal frequencies to sweep through, and describing 

the amplitude of the signal, and the number of periods of each frequency to repeat. During both 

protocols, two datasets were simultaneously recorded: the motor position, and the force. Analysis 

of this data was processed offline in LabVIEW. 

White noise data recordings were divided into 10 second segments and passed through the 

LabVIEW Frequency Response Function (Mag-Phase) VI algorithm. The result of each 10 second 

segment was averaged to calculate the final outputs. The outputs of the frequency response 

function algorithm were the magnitude, and phase relationship between the excitation signal 

(motor position) and response signal (measured force) with 0.1 Hz frequency spacing. 

Additionally, a coherence value was output at each of the frequencies. The coherence gives a 

normalised metric of how accurately the frequency response function characterises the properties 

of the system, and can be used to estimate the causality between the excitation and response 

signals.  

The swept sine data was processed differently from the white noise data, but provided similar 

outputs of magnitude and phase. For each of the datasets (voice-coil motor and force transducer), 

the data was divided into sections containing only one frequency. Each section was passed 

through the LabVIEW Tone Search algorithm, which calculated the amplitude and the phase of 

the sinusoid. The amplitude and phase of corresponding sections were then compared to give 

the magnitude and phase relationship between the two datasets.  
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𝑀𝑎𝑔𝑛𝑖𝑡𝑢𝑑𝑒𝐹𝑟𝑒𝑞  =  

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝐹𝑜𝑟𝑐𝑒 𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒𝑀𝑜𝑡𝑜𝑟
 

Phase𝐹𝑟𝑒𝑞 = Phase𝐹𝑜𝑟𝑐𝑒 𝑇𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒𝑟 − Phase𝑀𝑜𝑡𝑜𝑟   

3 

The magnitude of the motor position was recorded in units of nanometres (nm), and the 

magnitude of the force transducer was recorded in units of millinewtons (mN). Resultantly, the 

magnitude response calculated from both the white noise and swept sine protocols were in units 

of N/µm. The magnitude response was subsequently divided by the cross sectional area and 

optimal length (Lo) of the sample to convert the data into units of megapascals (MPa). The phase 

relationship between the two signals was calculated by subtracting the phase of the 

voice-coil motor position signal from the phase of the force transducer signal. Consequently, the 

interpretation of a positive phase difference would be that the force transducer signal leads that 

of the voice-coil motor, and a negative phase would indicate the motor signal leading the force 

transducer signal. A process diagram of the dynamic stiffness measurement protocols can be 

seen in Figure 4.3. 

 

Figure 4.3 Process diagram of the two dynamic stiffness measurement protocols 
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 Motor Response 

As described in section 4.3, the stability of the motor was of greater importance than the tightness 

of fit. However, as the amplitude of mechanical perturbations need to be tightly controlled for 

trabeculae experiments, it was important to understand the relationship between set point and 

actual motor position across the desired range of perturbation frequencies.  

To establish an understanding of the motor frequency response, the motor set point was excited 

first with a white noise and then with a swept sine signal. The frequency response function and 

the tone search algorithm were used to identify the difference in magnitude (gain) between the 

set point and the actual motor position. The frequency-gain responses of the voice-coil motor 

are shown in Figure 4.4. 

The motor frequency-gain response was shown to be different between the white noise and the 

swept sine protocols. The motor response gain showed a peak value of 7.5 at approximately 

360 Hz, which correlates with the motor resonance frequency (discussed in section 4.2). This 

indicates that a set point signal amplitude of 100 nm at 360 Hz would result in a 750 nm 

amplitude displacement of the motor. Unlike the white noise response, the motor frequency-gain 

response of the swept sine protocol never exceeded 1, indicating that the amplitude of sinusoidal 

motor perturbations did not exceed the amplitude of the sinusoids input as the set point. At 

0.25 Hz, the motor gain was calculated to be 0.94. The gain continued to decrease with increasing 

frequency, with the minimum gain of 0.47 occurring at 60 Hz, and then rose again to a maximum 

of 0.57 for frequencies of up to 120 Hz. The continuity of the frequency-gain response indicated 

that the motor response to sinusoidal stimulus was more consistent, and therefore predictable, 

than the white noise stimulus.  
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Figure 4.4 The frequency-gain response of the voice-coil motor to the set point for white noise (top) and swept 

sine (bottom) stimuli. 
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To ensure that the amplitude of mechanical perturbations performed by the motor would not 

exceed the bounds appropriate for performing dynamic stiffness analysis, the identified motor 

response gains were taken into account and applied to a feed forward controller effort. For white 

noise perturbations, the input for the amplitude parameter of the white noise generator was set 

to a value 7.5 times lower than the calculated allowable maximal perturbation. The inverse was 

required for the swept sine protocol, as the amplitude of motor displacement was smaller than 

the amplitude of the set point for all measured frequencies. The amplitude of the set point for 

each frequency of the swept sine stimuli were scaled by the inverse of the calculated gain in an 

attempt to maintain motor displacement amplitude approximately uniform across all frequencies. 

The motor position recordings for a swept sine protocol with and without the adjustment of set 

point amplitude can be seen in Figure 4.5. 

 

Figure 4.5 Motor positions of swept sine perturbation protocol for frequencies ranging from 0.25 Hz to 120 Hz. 

Left: Unadjusted set point amplitudes. Right: Adjusted set point amplitudes. 
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 Silicone Stiffness Testing 

Before performing experiments on cardiac trabeculae, the system was first tested on silicone 

phantoms. Trabecula phantoms were created using Smooth-On Smooth-Sil 950 silicone. A flat 

sheet of silicone was cured, and under a microscope a rectangular block of approximately 

380 µm × 380 µm × 2300 µm was cut out. The block was mounted onto the hooks and both the 

white noise and swept sine dynamic stiffness measurement protocols were performed. Each of 

the protocols were performed three times, and averaged to give the frequency-stiffness and 

frequency-phase plots shown in Figure 4.6. 

When measured using the swept sine protocol, the stiffness of the phantom remained constant 

at approximately 1.8 MPa for perturbation frequencies below 80 Hz. Beyond 80 Hz, the stiffness 

increased slightly with increasing frequency to a value of 2.0 MPa at 120 Hz. The frequency-phase 

response of the phantom showed a decrease in phase with increasing frequency, with a mean 

phase of -0.009 rad at 0.25 Hz decreasing to -0.153 rad at 120 Hz.  

The shape of the frequency-stiffness response of the phantom obtained using the white noise 

protocol similar to that obtained using the swept sine protocol. However, the magnitude of the 

stiffness was measured to be slightly lower using the white noise protocol, approximately 1.7 MPa 

for the same flat region, and increasing to 1.8 MPa at 120 Hz, and 1.9 MPa at 150 Hz. The 

frequency-phase response of the white noise measurements indicated no significant difference 

from the data obtained using the white noise protocol. 

The modulus of Smooth-Sil 950 silicone was rated at 1.87 MPa, comparable to the values 

obtained in both dynamic stiffness measurement protocols. The small discrepancy in stiffness 

could be attributed to several factors such as imperfections within the silicone phantom, incorrect 

cross sectional area arising from errors in measurement of the phantom diameters, or from 

irregular cross sectional geometry. Additionally, the measured change in phase with respect to 

frequency, and the increased stiffness at higher frequencies of the phantom reflects the 

viscoelastic material properties of the Smooth-Sil 950 silicone that was identified by Case et al. 

(2015). Given the similarity of the stiffness values measured with respect to the stated stiffness in 

the datasheet, these results served to validate these approaches to obtaining dynamic stiffness 

information on samples mounted in the system. 
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Figure 4.6 Stiffness magnitude (top) and stiffness phase (bottom) plots of silicone phantom obtained using 

white noise (grey) and swept sine (blue) protocols. Data for each plot was the average of three datasets, and 

the error bars represent the standard deviation of the datasets 
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As both of the protocols measure the same parameters, only one was required for future dynamic 

stiffness tests. Given the results of this silicone stiffness experiment, the swept sine protocol was 

chosen over the white noise protocol. This decision was based on several factors. Firstly, the swept 

sine protocol allows for explicit control of the power at each measurement frequency, whereas 

the white noise protocol does not. Additionally, the swept sine method is more commonly used 

in literature, and is a well-established method of performing dynamic stiffness analysis [22], [24], 

[43], [46], [55], [67], [68]. Most importantly, the coherence plot for the white noise protocol (Figure 

4.7) returned low coherence values at lower frequencies; only frequencies above ~1.5 Hz 

displayed a coherence value greater than 0.9. Given that the dynamic stiffness frequency 

response function of cardiac muscles reported in literature exhibit important features at 

frequencies below ~2 Hz, the white noise protocol (as currently implemented) is less suitable for 

use on cardiac tissues [24], [46], [55], [58]. 

 

Figure 4.7 Coherence plot of white noise perturbation protocol performed for obtaining the dynamic stiffness 

frequency response function of the silicone block. 
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Chapter 5. Trabecula Experiments 

This chapter describes the preliminary experiments performed on cardiac trabeculae in the 

mechanical perturbation system. It outlines the protocol for tissue preparation, methodologies 

and results of the experiments, draws comparison to literature, and discusses the implications of 

the findings. 

 Tissue Preparation 

All biological tissues used in the experiments described in this chapter were excised from the 

hearts of Wistar Rats of ages ranging from 6-24 weeks, and of mass between 250 g - 750 g. The 

protocols used in these experiments were approved by the University of Auckland Animal Ethics 

Committee (ethics number: R1784).  

The rats were injected with 500 µL (2500 IU) of heparin to inhibit blood clotting, and then 

anesthetized using isofluorane. Following anesthetization, cervical dislocation, thoracotomy, and 

cardiectomy were performed. The excised hearts were placed into a bath of cold Tyrode 
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dissection solution (Table 1) to induce cardiac arrest. The aortae were cannulated and the 

coronary vessels were Langendorff perfused with oxygenated dissection solution at room 

temperature. 2, 3-butanedione monoxime (BDM) was included in the dissection solution to 

inhibit crossbridge function, and prevent spontaneous crossbridge cycling, thereby minimising 

irreversible muscle damage during dissection [69]. BDM has the merit of being readily washed 

out in order to restore the muscle to normal metabolic and mechanical function [70].  

Table 1 Chemical composition of dissection solution (left) and experimental Tyrode solution (right). pH was 

adjusted to 7.4 at room temperature using Tris buffer solution. 

Dissection Solution  Experimental Tyrode Solution 

Chemical Conc. (mmol/L)  Chemical Conc. (mmol/L) 

NaCl 130  NaCl 130 

KCl 6  KCl 6 

MgCl2 1  MgCl2 1 

NaH2PO4 0.5  NaH2PO4 0.5 

CaCl2 0.3  CaCl2 1.5 

HEPES 10  HEPES 10 

Glucose 10  Glucose 10 

BDM 20    

Trabeculae were dissected from the inner surface of the ventricles. Care was taken to select 

unbranched and geometrically uniform free running trabeculae. A large block of tissue was left 

at either end of the trabecula to ensure it could be secured between the two hooks of the 

mechanical perturbation system. 

Mounting of the muscle onto the hooks was performed in the flow through bath. A dissection 

microscope was temporarily positioned over the hooks to assist with the mounting process. The 

reservoir of the flow-through bath was filled with experimental Tyrode solution (Table 1) which 

did not contain BDM. Flow was stopped during the mounting process to avoid difficulties 

associated with fluid flow during mounting and to minimised usage of BDM. Once the muscle 

was mounted, the flow of solution through the bath was resumed, and the BDM was washed out 

of the muscle as the dissection solution was flushed out by incoming experimental Tyrode 

solution. 
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Figure 5.1 Changing twitch profile of trabecula under electrical stimulus as it recovers from the effects of BDM 

in the flow through bath 

The mounted trabeculae were electrically stimulated using the platinum electrodes to accelerate 

the washout of BDM and recovery of mechanical function. The shape of the force twitches 

changed with time as the muscle recovered. The twitch profile was used as a metric for the state 

of recovery of the muscle. The force profile of a trabecula still undergoing BDM washout showed 

irregular non-flat diastolic periods, (Figure 1, left) whereas a fully recovered muscle exhibited a 

much flatter diastolic period and greater force production (Figure 5.1, right). Additionally, the 

force production of a fully recovered muscle was known to be voltage independent [71]. 

Therefore stimulus voltage was varied and the resulting change in force production, or lack 

thereof, was used as a secondary metric for muscle state. Further experimental interventions were 

not performed until the trabecula exhibited a fully recovered steady state twitch profile. A viable 

trabecula would often fully recover within 30 minutes of the introduction of experimental Tyrode 

solution into the flow bath. If the muscle showed no indication of recovery by this time, it was 

replaced with a new trabecula. 
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 Force-Length Relations 

The force-length relation was characterised by measuring the peak isometric force production of 

the trabeculae at a variety of muscle lengths. Once fully recovered from the effects of BDM, the 

trabeculae were shortened until almost no twitch force was measured. The muscle length was 

increased in incremental steps while stimulated at 1 Hz. At each length step, the twitch force was 

allowed to reach a steady state, and the active force was measured. The muscle was stretched 

until the active force production exhibited minimal change with muscle length increase. This 

length was viewed to be the optimal muscle length (Lo) at which the trabecula would produce 

the greatest (or optimal) twitch force (Fo). The relationship between force and length can be seen 

in Figure 5.2. 

The experimentally obtained force-length relationship for active (grey) and passive (blue) forces, 

were consistent with those observed in literature [18], [38]. 

 

Figure 5.2 Force-length relationship of trabecula under electrical stimulus. The grey crosses shows the 

measured active force production, and the blue crosses show the passive force production. The force 

measurements were normalised against optimal twitch force, and the muscle length was normalised to 

optimal length.  



Chapter 5. Trabecula Experiments 

45 

 

An additional method used to measure optimal length of the trabecula was to examine the 

sarcomere length using the scanning microscope. This was achieved by first imaging the length 

of the muscle to find a central region where the striating bands from sarcomeres were visible. 

Images were acquired from that region and contrast enhanced, before being run through the 

sarcomere length algorithm described in Chapter 3. At optimal length, sarcomere lengths were 

expected to be between 2.0 µm and 2.2 µm. The combination of the two techniques described 

above gave confidence that the trabecula was stretched to optimal length (Figure 5.3).  

Once optimal length was achieved, the resting length and diameter of the trabecula were 

measured through the eyepiece graticule of the dissecting microscope. The diameter of the 

platinum electrodes (500 µm) were used as a reference to convert the graticule units into 

micrometres. The trabecula was assumed to have a circular cross sectional area when calculating 

the developed stress from the force trace recordings. All following interventions were performed 

with the trabecula stretched to optimal length. 

 

Figure 5.3 Top: Microscope image of whole mounted trabecula achieved through scanning its length and 

stitching images together. Bottom left: 200 µm × 150 µm section of a trabecula measured using the scanning 

microscope. Bottom right: FFT power spectrum measurement of the section (red), and the Gaussian curve of 

best fit (grey) to  calculate sarcomere length. The fitted curve estimated a mean sarcomere length of 2.081 µm. 

  



Chapter 5. Trabecula Experiments 

 

46 

 

As exemplified by the data collected in Figure 5.2, the developed system enabled collection of 

data defining the relationship between force and length of trabeculae. However, the force-length 

relationship does not characterise the temporal effects associated with changing muscle length. 

Figure 5.4 shows the twitch profiles of a trabecula undergoing 1 Hz electrical field stimulation at 

three different lengths; 100 %, 95 %, and 75 % of Lo. The force traces were time aligned, and the 

amplitudes were normalised to the peak force of each twitch to enable ease of comparison across 

different profiles. The overlaid traces in Figure 5.4 show that the twitch duration increased with 

increased muscle length. However, studies by Janssen and Hunter [72], and Allen and Kurihara 

[38] concluded that increased twitch duration was correlated to higher peak active stress, a 

by-product of muscle lengthening, and not the lengthening itself.  

 

Figure 5.4 Change in twitch profile with trabecula length. Grey: 100% Lo, red: 95% Lo, blue 75% Lo. Twitch 

force at each muscle length was normalised to the peak force of that twitch. 
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 Barium Contracture 

Intact trabeculae undergoing electrical stimuli are only partially activated at any point, and will 

not tetanise under physiological conditions. Barium (Ba2+) can be used to induce sustained 

contracture of intact cardiac trabeculae. Barium competes with calcium for the binding site on 

troponin-C, but is unable to be regulated by the sarcoplasmic reticulum. As a result, when a 

trabecula is bathed in a barium-rich solution, the crossbridges become fully activated. Barium 

experiments allow for the investigation of crossbridge dynamics without having to permeabilise 

the preparation. 

The barium contracture solution used was similar to the experimental Tyrode solution, except the 

calcium concentration was reduced to 0.1 mmol/L (from 1.5 mmol/L), and barium was introduced 

in the form of barium chloride (BaCl2) at a concentration of 1.5 mmol/L (Table 2). Experiments 

were performed with the trabecula stretched to optimal length (Lo) in the flow through bath. The 

solution entering the flow through bath was changed from experimental Tyrode solution to the 

barium contracture solution while the stimulation was switched on. The electrical stimulation was 

left on for the entire duration of the experiment at a rate of 1 Hz. 

Table 2 Composition of chemicals required for barium contracture solution. pH was adjusted to 7.4 at room 

temperature using TRIS buffer solution. 

Barium Contracture Solution 

Chemical Conc. (mmol/L) 

NaCl 130 

KCl 6 

MgCl2 1 

NaH2PO4 0.5 

CaCl2 0.1 

BaCl2 1.5 

HEPES 10 

Glucose 10 
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Figure 5.5 Top: stress development of an electrically stimulated trabecula upon barium contracture solution 

introduction (t = 60 s), and washout (t = 950 s). Bottom: zoomed in view of when the barium is first 

introduced. 
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 Muscle Response to Barium 

Figure 5.5 shows the stress development of the trabecula in response to barium exposure, and 

its recovery upon washout. It took approximately 20 seconds from the start of the experiment for 

the effect of the barium solution to be observed. This delay was most likely caused by the volume 

of experimental Tyrode solution remaining in the tubing leading to the flow bath inlet. The flow 

of barium solution into the bath was associated with the increase in diastolic stress of the twitch. 

The influx of barium into the muscle caused the trabecula to transition into chemically induced 

sustained contracture. The active force development from the twitch decreased as the muscle 

tetanised and fewer crossbridges were able to detach between twitches. It took approximately 

5 minutes from solution switching for the trabecula to reach steady-state contracture. The peak 

sustained stress was observed to be approximately 55 kPa, and was sustained for ~10 minutes 

whereupon the flow through solution was switched back to experimental Tyrode solution 

(t = 950 s). Active stress development from twitches gradually returned with barium washout, as 

the diastolic stress decreased. The washout process took approximately 20 minutes, and the 

diastolic and systolic stress returned to pre-contracture levels. The time course of stress 

development of the trabecula with barium introduction and washout were comparable to those 

described by Taberner et al. [73]. 

Two additional observations that can be made from the trace in Figure 5.5 are the increased 

magnitude of the first twitch, and the force transient prior to solution switching. The reason for 

the first observed twitch (approximately t = 60 s) being much greater in magnitude than the 

following twitches is likely due to a phenomenon known as post-rest potentiation. This 

heightened stress development has been well documented and is believed to be the result of 

increased calcium loading and release from the sarcoplasmic reticulum that occurs after short 

periods of rest [74]. Unlike the previous observation, the decreased stress and the sharp 

disturbance prior to barium washout (t = 950 s) had no physiological cause. The force transient 

was an artefact arising from the user disturbance of the system that occurred during solution 

switching. 
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 Dynamic Stiffness during Barium Contracture 

The dynamic stiffness analysis was performed on a trabecula prior to (quiescent) and during 

steady state barium induced contracture was measured using the swept sine perturbation 

protocol with an amplitude of 0.125 % of Lo. The stiffness magnitude and phase plots of the 

obtained data can be seen in Figure 5.6. During barium contracture, the trabecula exhibited 

negative frequency-magnitude relationship at lower frequencies until 0.8 Hz, where a minimum 

magnitude of 0.37 MPa was measured. A steep rise in stiffness magnitude was measured thereon 

until 8 Hz, reaching 1.71 MPa, and a slower rise following to a measured maximum of 1.76 MPa 

at 40 Hz. The stiffness phase response exhibited a peak phase of 1.01 rad at 1.75 Hz. The phase 

response showed a decreasing trend moving away from 1.75 Hz in both the positive and negative 

directions. Notably, the phase was negative for 0.3 Hz, 0.4 Hz, 0.6 Hz, and 40 Hz. 

The stiffness magnitude response of the quiescent trabecula exhibited a similar trend to that seen 

in barium contracture. A negative frequency-magnitude trend was observed at the lower 

frequencies until 1 Hz, where a minimum magnitude of 0.56 MPa was measured. Between 1 Hz 

to 10 Hz, the magnitude increased from 0.56 MPa to 0.86 MPa. The maximum stiffness 

magnitude of 0.93 MPa was observed at 30 Hz. The shape of the stiffness phase response was 

also comparable between relaxed state and barium contracture. The maximum phase of 0.33 rad 

was seen at 2 Hz, and the phase was negative for frequencies less than 1 Hz, and for 40 Hz. 

Both the magnitude and phase results for barium contracture (grey) exhibited a similar shape to 

those reported in literature by Shibata et al. [23], [24], Saeki et al. [61], [75], and Kirton et al. [17], 

[68]. Shibata, Saeki and Kirton all reported a dip in the magnitude at approximately 1 Hz, however 

the dip reported by Shibata was much sharper than that reported by Saeki, Kirton and observed 

in this study. The difference in the sharpness of the dip may be due to forced crossbridge 

detachment associated with the larger amplitude of perturbation performed by Shibata; 1 % Lo 

as opposed to 0.25 %, 0.2 %, and 0.125 % Lo performed by Saeki, Kirton, and in this study, 

respectively. 
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Figure 5.6 Swept sinusoidal dynamic stiffness frequency response function of quiescent trabecula in 

experimental Tyrode solution (blue), and of steady-state barium induced contracture (grey). Frequencies 

ranging from 0.25 Hz to 40 Hz. 
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The observed similarities between the dynamic stiffness frequency response function of the 

quiescent trabecula to that of the barium contracture has also been reported by Kirton et al. [68]. 

In this study, Kirton hypothesised that the curvilinear stiffness magnitude and phase response 

were associated with spontaneous, asynchronous waves of contraction occurring in the trabecula 

due to calcium leaking from the sarcoplasmic reticulum. This theory was further supported by 

the elimination of the curvilinearity in the magnitude and phase response of quiescent trabecula 

by the introduction of BDM into the superfusate solution, which inhibited crossbridge action.  

The stiffness of the trabecula was measured to be greater when quiescent than during 

contracture for frequencies below 2 Hz. This is inconsistent with literature published by 

Kirton et al. and Shibata et al. [24], [68]. The reason for this increased stiffness is unclear, and 

requires further investigation.  

 Permeabilised Trabeculae 

Three solutions were required for mechanical testing of chemically permeabilised trabeculae: 

permeabilising solution, low calcium (relaxing) solution, and high calcium (activating) solution. 

The concentration and ingredients for these solutions are reported in Table 3 Composition of 

chemicals required for permeabilising, low calcium, and high calcium solutions. pH of solutions 

were adjusted to 7.0 using 1 mol/L KOH solution.Table 3 

The chemical composition of these solutions were adapted from Campbell and Moss [64]. The 

permeabilising solution, containing 1% V/V concentration of Triton X-100, was used to chemically 

permeabilise the trabecula samples at optimal length. Low calcium solution had a free calcium 

concentration of pCa 9.0 (1 nmol/L), and the high calcium solution had a free calcium 

concentration of pCa 4.5 (32 µmol/L).  The necessary composition of chemicals was obtained 

using MaxChelator calculator program which takes into account the concentrations of chelators 

ATP and EGTA and metals Mg2+ and Ca2+, as well as the temperature and pH to calculate the 

total amount of each chemical required to achieve certain concentrations of free metals [76].  
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Table 3 Composition of chemicals required for permeabilising, low calcium, and high calcium solutions. pH 

of solutions were adjusted to 7.0 using 1 mol/L KOH solution. 

Permeabilising Solution  Low Ca2+ Solution  High Ca2+ Solution 

Chemical 
Conc. 

(mmol/L) 

 
Chemical 

Conc. 

(mmol/L) 

 
Chemical 

Conc. 

(mmol/L) 

EGTA 7  EGTA 7  EGTA 7 

Imidazole 20  Imidazole 20  Imidazole 20 

KCl 67  KCl 67  KCl 51 

ATP 4.7  CrP 14.5  CrP 14.5 

MgCl2 5.51  ATP 4.7  ATP 4.9 

Triton X-100 1% V/V  MgCl2 5.51  MgCl2 5.21 

   CaCl2 0.016  CaCl2 7 

Trabeculae were superfused with permeabilising solution in the flow-through bath for 2 hours in 

order to chemically permeabilise the cell membrane. Once permeabilised the trabecula was 

moved to a bath containing low calcium solution to prevent further permeabilisation. The muscle 

was then moved between high and low calcium baths to induce contracture and relaxation of 

the muscle respectively.  

 Muscle Response to Changes in Calcium Concentration 

The response of permeabilised muscle to submersion in low calcium and high calcium baths can 

be seen in Figure 5.7. The force oscillations seen at ‘A’, ‘B’, ‘C’, and ‘D’ were artefacts resulting 

from the effect of bath switching on the force transducer hook. In Figure 5.7, the trabecula was 

immersed in high calcium solution between points ‘A’ and ‘C’, exhibiting an increased stress as 

the permeabilised trabecula went into calcium-induced contracture. The transfer of the muscle 

from low to high calcium solution resulted in a sustained stress increase of 10.5 kPa. The trabecula 

relaxed back down to 0 kPa when returned from high calcium to low calcium solution. 

Contamination of the solutions was observed when switching baths as a result of the trabecula 

and the hooks transferring residual solution between them. This often resulted in an alteration of 

the rate of change of stress, and of steady state stress. In order to minimise these effects, bath 

switching was performed twice for each change in calcium concentration (low calcium to high 

calcium to high calcium solution again). This occurred at point ‘B’ of Figure 5.7, where the 

trabecula in contaminated high calcium solution was moved to another bath containing fresh 
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high calcium solution. The result of implementing this technique was an increase in the rate of 

stress development. This double bath switching was also performed at ‘D’, however the result 

was not as apparent.  

It was observed through several iterations of bath switching that transferring the trabecula from 

a low calcium solution to a high one was more susceptible to the effects of solution 

contamination than transferring in the other direction. Although increasing the instances of bath 

switching for each solution change would greatly decrease the proportion of contaminated 

solution at each instance, for the purposes of these experiments it was only performed twice. The 

reason for doing so was that the number of baths holding calcium solutions were limited to five 

(excluding the flow through bath). This limitation implied that bath switching could at most occur 

twice for one solution and thrice for the other without having to drain and refill the baths, or 

using all baths for all solutions, which would raise more concerns of solution contamination.  In 

preliminary experiments, bath draining and refilling were performed, but later removed from the 

protocol due to further bath switching having no observable effect on steady state stress 

development. Draining and refilling the baths also often resulted in disruption to the 

measurement system such as that seen during solution switching in the barium experiments 

Figure 5.5. 

A potential solution to this issue would be to develop a system with multiple flow through baths. 

This would ensure that any contamination to the solution in a given bath would be extracted 

from the system, and the effects of the contaminant minimised as fresh solution flowed in. This 

proposed solution concept is potential future device development, and requires further 

investigation into its compatibility with the other constituent components of the device. 
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Figure 5.7 Stress response of chemically permeabilised trabecula moving from baths of low to high calcium 

solution (A), high to high calcium solution (B), high to low calcium solution (C), and low to low calcium 

solution (D). 

It was observed that the stress developed by activated muscle in high calcium solution was 

smaller in magnitude than that of a trabecula undergoing electrical stimulus (1 Hz) at optimal 

length. Typical stress production of a twitch measured in this device ranged between 35 kPa and 

90 kPa, whereas permeabilised preparations rarely exceeded 25 kPa at peak stress development. 

The reason for this observed discrepancy in peak stress production between intact and 

permeabilised preparation is unknown, and further investigation into the experimental protocol, 

and/or solution composition will be required in future.  
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 Dynamic Stiffness of Permeabilised Trabeculae 

Swept sinusoidal dynamic stiffness analysis was performed on a permeabilised trabecula in both 

low and high calcium solutions once its force reached steady-state. The dynamic stiffness 

protocol was repeated three times in each solution, four minutes apart. The mean response and 

the standard deviations are shown in Figure 5.8. 

The measured dynamic stiffness frequency response function for the high calcium solution 

exhibited the same characteristic shape reported in literature by Kawai et al. [54], [55] and Saeki 

et al. [61] for permeabilised muscle preparations. A minimum stiffness magnitude of 0.81 MPa 

was observed at 2.5 Hz, and a maximum of 1.74 MPa was observed at 100 Hz. These values were 

comparable to those obtained by Kawai and Saeki for experiments performed at room 

temperature. 

The stiffness and phase response for the low calcium solution had showed a plateau of 

approximately 1.6 MPa and 0 rad between the frequencies of 0.3 Hz to 15 Hz. Beyond 15 Hz, the 

stiffness magnitude declined with increasing frequency to a minimum observed value of 1.29 MPa. 

The phase response also exhibited a negative trend, to a minimum value of -0.35 rad observed 

at 100 Hz. These measurements were inconsistent with the findings of Saeki et al. [61], who 

reported a flat response across all frequencies for both stiffness magnitude and phase in the 

range of 0.2 MPa and 0 rad respectively. The high measured magnitude raised concerns of 

whether the crossbridges were fully detached as expected from the trabecula in low calcium 

solution. The cause of this discrepancy is unclear, but could be due to several factors such as the 

health of the muscle and extent of membrane permeabilisation. 

The stiffness magnitude at high frequencies of trabeculae in high calcium solution was observed 

to decrease between successive dynamic stiffness measurement protocols. This temporal 

decrease in magnitude is reflected in the large standard deviations of the mean stiffness 

magnitude response. The decrease may be attributed to a localised decrease in concentration of 

metabolites in the solution surrounding the trabecula as they are consumed by the muscle. The 

issue could also be remedied by the conversion of all experimental baths into flow through baths, 

as mentioned for the issue of solution contamination between baths in section 5.4.1. 
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Figure 5.8 Mean stiffness magnitude and  stiffness phase response of skinned trabeculae in low calcium (blue) 

and high calcium (grey) solutions. The error bars for each dataset denote the standard deviation of the 

samples. 
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Figure 5.9 Stiffness magnitude responses of a permeabilised trabecula in high calcium solution. The three 

responses were obtained four minutes apart from each other; first the grey data, second the blue, and lastly 

the red. These were averaged to calculate the mean magnitude and standard deviations shown in Figure 5.8. 

 Model Fitting 

The purpose of performing dynamic stiffness analysis on trabeculae was to obtain data to apply 

to a six-state crossbridge model developed by Kawai et al. [54] and to derive the rate constants 

associated with crossbridge cycling. The mathematical representation of the relationship between 

the dynamic stiffness frequency response function and crossbridge cycling is shown in equation 

4. In the equation, parameters b and c were the characteristic frequencies of processes B and C, 

with 2πb and 2πc their respective rate constants. H represented the elastic modulus extrapolated 

to zero frequency, and Y( f ) was the complex modulus.  

 
𝑌(𝑓) = 𝐻 − 

𝐵𝑓𝑖

𝑏 + 𝑓𝑖
 + 

𝐶𝑓𝑖

𝑐 + 𝑓𝑖
 4 
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The stiffness magnitude (referred to as the elastic modulus by Kawai) and the stiffness phase 

were represented in this model by the real component and the argument of the complex 

modulus respectively. Additionally, the imaginary component of the complex modulus 

represented the viscous modulus of the sample. The model was applied to the experimental data, 

and the parameters H, B, C, b, and c were optimised through least squares fitting. The results of 

applying the model to the mean high calcium data presented in Figure 5.8 are shown in Figure 

5.10 and Figure 5.11. 

 

Figure 5.10 Elastic modulus, viscous modulus, and phase response of a permeabilised trabecula in high 

calcium activating solution. Grey crosses indicate the experimental data, and the blue curves indicate the 

optimised fit of the crossbridge model. 
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Figure 5.11 Nyquist plot of the elastic and viscous moduli resulting from the model fit. 

The optimised values for the parameters H, B, C, b, and c are shown in equation 5.The model well 

represented the elastic modulus data across all measured frequencies, but deviated from the 

viscous modulus and phase data for frequencies beyond 15 Hz. The reason for this is not yet clear, 

and could be due to factors such as muscle health, sensitivity of the model to initial parameters, 

or incompleteness of the model (missing processes). 

 𝐻 = 1.4045, 𝐵 = 1.2039, 𝐶 = 1.2984, 

𝑏 = 1.0210, 𝑐 = 4.8630 
5 

The rate constants associated with the optimised parameters were 2πb = 6.4152 s-1, and 

2πc = 30.5551 s-1, which were lower than the range of potential values (50 ≤ 2πb ≤ 150, 

50 ≤ 2πc ≤ 200,) reported by Kawai et al. [54]. This discrepancy may be attributed to the 

difference in experimental temperature, with Kawai’s experiments having been performed at 

25 ˚C, as opposed to 20 ˚C for these experiments. Temperature controlled experiments would be 

required for a meaningful comparison.
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Chapter 6. Conclusions 

 Thesis Overview 

The aim of this project was to develop a mechanical testing apparatus that would enable dynamic 

stiffness analysis of chemically activated, permeabilised cardiac trabeculae. In pursuit of this aim, 

a device comprising a mechanical perturbation system, scanning microscope, and rapid-

switching multi-well tissue bath system was developed. This system enables the measurement of 

contractile dysfunction that is decoupled from cellular regulatory processes, a crucial step in 

understanding the pathophysiology of many heart diseases at the level of the crossbridge. The 

successful development of this device contributes to a broader Marsden grant that aims to 

understand the mechanisms underlying diabetic heart disease.  

The mechanical perturbation system consisted of a voice-coil motor and a stainless steel 

cantilever force transducer, between which isolated cardiac tissues were mounted on a wire hook 

system. Measurement of the motor position and deflection of the force transducer was achieved 

using a heterodyne interferometer system. The microscope comprised a Nikon 40× objective 
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lens and a USB camera mounted onto a linear stage so that it could scan the length of tissues 

mounted between the hooks. Six open top baths made of laser cut acrylic and a microscope 

cover slip were mounted onto a configuration of a linear stage motor and a cammed DC motor 

that enabled rapid bath switching (<1 s). One of the baths was modified to accommodate solution 

flow using a gravity-fed reservoir and a peristaltic pump controlled outlet, and platinum stimulus 

electrodes. Data acquisition and control of the system was implemented in a LabVIEW 

environment. Once the device was assembled, the force transducer was calibrated by taking 

simultaneous measurements of deflection and applied force using a factory calibrated load cell, 

and the PID controller gains that best met the stability and tightness of control requirements of 

the system were empirically found. 

In order to gain a better understanding of the characteristics of the measurement system, a series 

of tests were carried out prior to performing experiments on trabecula tissues. These tests 

included measuring the system resonance, measuring and accounting for the motor response to 

the dynamic stiffness protocols, and testing the system on a silicone phantom. 

The resonance of the voice-coil motor and force transducer were measured in the unloaded and 

loaded state using power spectral analysis. It was found that the resonant frequencies in both 

loaded and unloaded states were substantially higher than the intended measurement bandwidth 

of the system, giving confidence that the system resonance would have little effect on the 

measurement of dynamic stiffness.  

Two dynamic stiffness analysis protocols were investigated for use in this system — white noise 

and swept sine perturbations. The motor response to these two protocols were measured and 

were used to develop a feed forward model of the system. These protocols were tested with a 

silicone phantom and the comparison between the two indicated that the swept-sine protocol 

was more suitable than the white noise protocol for use with cardiac trabeculae.  

A series of experiments were performed on intact cardiac trabeculae from the ventricular wall of 

Wistar rats. The force-length and twitch duration-length relationships were obtained, and 

dynamic stiffness analysis was performed on quiescent and barium-activated intact trabeculae. 

The force-length and twitch duration-length relationships obtained were consistent with reports 

in the literature. The dynamic stiffness frequency response function for the barium-activated 
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trabecula exhibited the characteristic shape observed in the literature. The dynamic stiffness 

frequency response of the quiescent trabecula was observed to be curvilinear, instead of the 

linear response expected from truly quiescent muscles, indicating the presence of spontaneous 

waves of contractions in the trabecula. 

Trabecula mounted into the system were successfully permeabilised in situ using a solution 

containing Triton X-100 detergent, and the stress development response of permeabilised 

trabecula to immersion in low and high calcium solutions were observed. An issue with cross 

contamination of low and high calcium solutions was observed during bath switching, resulting 

in intermediate calcium concentrations in contaminated baths, and consequently intermediate 

steady state stress development. The impact of cross contamination was minimised by 

performing multiple bath switches for each solution.  

Dynamic stiffness analysis was performed on permeabilised trabeculae in the low and high 

calcium concentration solutions. The dynamic stiffness frequency response function of the 

trabecula in high calcium solution exhibited the characteristic shape of an activated muscle 

undergoing active crossbridge cycling, however the frequency response of the trabecula in low 

calcium solution was inconsistent with those reported in the literature. A mathematical model 

was fitted to the high calcium frequency response function and the rate constants of the 

processes involved in crossbridge cycling were extracted. These rate constants were found to be 

outside the range of values reported in the literature, and is hypothesised to be due to differences 

in experimental temperature. 
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 Future Work 

A new mechanical testing system for the purposes of performing dynamic stiffness analysis on 

chemically permeabilised cardiac trabeculae has been developed, and tested. During preliminary 

experiments, some potential improvements and future developments for the system were 

identified, as follows: 

1. Implementation of solution flow-through for all tissue baths. 

2. Temperature control and regulation of the experimental environment. 

3. Addition of another motor to scan the width of trabecula using the microscope. 

As mentioned in in Chapter 5, during experiments involving low and high calcium solutions, cross 

contamination of solutions was observed when switching between baths, resulting in 

intermediary steady state stress development as a consequence of altered chemical composition. 

Although the cross contamination of solutions cannot be easily avoided, implementing a solution 

flow-through system in each bath would ensure that contaminated solution is flushed out and 

fresh solution, with known chemical composition, enters the bath. This would also ensure that 

muscle function is never impaired as a result of depletion of metabolites. 

The difference in experimental temperatures may account for the differences in the results 

obtained in the experiments performed in this project and those reported in the literature. 

Additionally, the implementation of a temperature controller for the system would allow for 

experiments to be performed under physiological conditions. 

The inability to scan the width of the trabecula was an issue that was highlighted due to the shape 

of the mounting hooks used in the mechanical perturbation system. The ‘S’ shaped hooks 

enabled ease of mounting but due to their shape, the ends of the trabecula could sit anywhere 

along the bottom wire occasionally resulting in the trabecula being out of the field of view 

captured by the scanning microscope system. The addition of another motor, and degree of 

freedom to the scanning microscope system would not only resolve this issue, but also enable 

images of the entire trabecula to be obtained regardless of size.
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