
 

 

  

Abstract—Measurement of the energy 
isolated cardiac trabeculae requires 
temperature sensors. In this paper w
characterize an initial prototype of a 
thermometer being designed and built for app
microcalorimetry. The device exploits the 
pressure with temperature of a solvent an
pressure with volume of a gas. The sensor ach
of 86 µm/K and a resolution of 3.6 µK. Predic
element model of the expected displacement c
with the tests performed. 

I. INTRODUCTION 
ARDIAC muscle liberates heat as it perfo
imperfect chemo-mechanical ener

Measurement of the heat liberation, 
measurements of mechanical properties, p
insight into the thermodynamics of muscle c

The Auckland Bioengineering Institute 
micromechanocalorimeter that allows
measurement of thermal and mechanic
temperature increase of a fluid flowing ov
measured and used to infer the heat output.
performed on rat right-ventricular trabecula
200 µm in diameter) as their small diameter
oxygen to be obtained from diffusion 
trabeculae’s small size means that the rate o
is small (≈10 µW), as is the resulting tempe
the fluid (≈1.6 mK) [2]. 

Currently, thermopiles are used to
temperature change. These thermopiles ha
resolution of 5 µK [2]. It is of interest to im
to infer energy consumption, and so a the
higher resolution is desired. A novel t
operates on the principle that a change in 
solvent changes its vapor pressure is to be c

This article reports on an initial prototy
designed and constructed, pictured in Fig. 1
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Fig. 1. Vapour pressure sensor in
micromechanocalorimeter. 

II. VAPOR PRES

The modus operandi of the th
change in vapor pressure of a solve
vapor pressure of a substance is th
gas phase when the system is in equ
rate of evaporation (a function of 
rate of condensation (a function of p
temperature to be inferred from mea

The relationship between pre
corresponds to the liquid-vapor coex
diagram. The gradient of this curve 
Clausius-Clapeyron relation (1), wh
the temperature; Δh is the difference
states and R is the ideal gas constant

 ݀ܲ ݀ܶൗ ൌ  ܲ∆݄ሺܶ, ܲሻ ܶଶܴൗ
 
Equation (1) is not used in pra

integrating it. Instead, equations fo
are used. Reference [4] gives the
properties data bank (KDB) correlat
and D are material-dependent consta

 lnሺܲሻ ൌ ሺܶሻ݈݊ܣ  ൅ ܤ  ܶൗ ൅ ܥ ൅ ଶܶܦ
 
The sensitivity of any vapor

depends on the change in pressure 
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he partial pressure of the 
uilibrium – i.e., when the 
temperature) equals the 
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essure and temperature 
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ere P is the pressure; T is 
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solvent used. There are four requirements f
It must: 

1. be solid or liquid at operat
(25 ⁰C); 

2. have a large change in pressure 
in the range of interest; and 

3. have a low specific heat. 
It is also preferable that the substance is s

Examination of Fig. 2 gives an indica
(requirement #2). The four substances that a
temperature and have the highest 
dichloromethane, chloroform, methyl form
ether. 
 

Fig. 2. Vapor pressure versus temperature for a range o
 
The gradient for each of the four 

calculated at 25 ⁰C. The gradient, the speci
between the two, and the safety rating are 
(4). Dichloromethane has been chosen for 
as it has the highest ratio of gradient to 
addition to the lowest hazard level. 

 
TABLE I 

COMPARISON OF SOLVENTS 

Substance Gradient 
(kPa/K) 

Specific Heat 
(kJ/(kg.K)) (P

Dichloromethane 1.96 1.21 
Chloroform 0.95 0.98 

Methyl Formate 2.63 2.06 
Diethyl Ether 2.34 2.32 

III. DESIGN AND METHODS

Our thermometer (Fig. 3) comprises 
circular, borosilicate glass tube with an int
0.6 mm. One end of the glass tube is sealed 
Hydrogen Flame Generator.  

The glass tube is mounted on the micro
tube is then filled using a Hamilton syringe
1 µl of dichloromethane liquid is injected fi
injected 2 mm from the dichloromethane to 
tip of the tube. The water serves 
dichloromethane and enclose the gas lay
lubricant oil) is then injected at the surfac
the very end of the tube. The oil acts as a 
for the laser interferometer, as well

for the substance. 

ting temperature 

with temperature 

safe to work with. 
ation of gradient 
are liquid at room 

gradients are 
mate and diethyl 

 
of substances. 

substances was 
ific heat, the ratio 
shown in table 1 
use in our sensor 
 specific heat in 

Ratio 
Pa.kg/J) 

Hazard 
Level 

1.62 Moderate 
0.97 High 
1.27 Extreme 
1.01 Extreme 

S 
a 12 mm long, 

ternal diameter of 
using an Arizona 

ocalorimeter. The 
e. Approximately 
irst. Water is then 
 0.5 mm from the 

to isolate the 
er. Oil (3-in-one 
e of the water to 
reflective surface 

l as preventing 

evaporation of water. Oil must be p
direct contact with the dichloromet
are miscible. When filling, it must
bubbles are present between the wat

Fig. 3. Sensor showing its different segments
 
Displacement of the meniscus 

measured using a laser interferom
Focusing of the laser beam onto the 
using a Nikon 4×, infinity-corrected
on a Linos three-axis, microbench st

Data were acquired and analyzed
in National Instruments LabVIEW
was performed using MATLAB R20

Characterization was performed 
(1 kΩ surface mount resistor) plac
glass tube where the muscle wou
Heat is produced as a result of a 
generator (Agilent 33220A). 

A combination of equations and 
was used to gain an improved und
and to predict the characteristics of
the muscle tube, the heater, the sens
compound thermally connecting 
dichloromethane liquid phase, was
2009. The model was imported int
thermal analysis was performed. T
thermal impact and the expected te
dichloromethane liquid-vapour int
This, combined with analytical 
prediction of the expected movemen
different heat pulses or filling volum

IV. RESULT

To characterize the temperature 
was filled with water. The heater el
the center of this tube. This heater 
1 mW square wave with a period of 

A. Thermal Impact 
The thermal impact of the senso

modeling. Heat was produced with
final temperature of the heater unit 
and without the sensor present. T
found to be negligible; the tempera
only 0.62% when the sensor was pre

The difference in temperature dis
Fig. 4. Examination of Fig. 4 sh
temperature is similar with diff
directly below the sensor. 

 

revented from coming in 
thane section as the two 
t be ensured that no gas 
ter and oil segments.  

 
 (not to scale). 

of the oil segment is 
meter (Agilent 5517D). 
meniscus was performed 

d objective lens mounted 
tage. 
d using software written 

W 2009. Further analysis 
009a. 

using a heater element 
ced in the middle of the 
uld normally be located. 
signal from a waveform 

finite element modeling 
erstanding of the system 
f the sensor. A model of 
sor tube and the heat-sink 

them, as well as the 
s created in SolidWorks 
to ANSYS and transient 
This model allowed the 
emperature change at the 
terface to be estimated. 

equations, provided a 
nt of the oil meniscus for 

mes. 

TS 
sensor, the muscle tube 
ement was placed within 
element was driven by a 
40 s. 

or was assessed through 
hin the heater unit. The 
was then compared with 

The thermal impact was 
ature reached differed by 
esent.  
stribution can be seen in 

hows the distribution of 
ferences occurring only 
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Fig. 4. Finite element model of the temperature distribu
present (A), and with a sensor present (B). 

B. Displacement Modeling 
Finite element modeling was used to pred

temperature of the dichloromethane liquid-
A 1 mW rate of heat production over 20 s l
temperature of 0.258 K at the surface of the
liquid. 

Combining (2) with the ideal gas law, 
size of capillary tube, allows the chan
position to be predicted resulting from
temperature. This gives (3) where Δd i
meniscus position in metres and l is the ini
vapour segment in metres. 

 ∆݀ ൌ  ∆ܶሺ0.0572݈ െ 7 ൈ 10ିଵଶሻ 
 
This change of temperature gives

displacement of 39.1 µm. However this do
account the oil, which is located at the tip
effective radius is the external diamet
(0.84 mm). The expected displacemen

 

 
ution without a sensor 

dict the change in 
-vapour interface. 
led to a change in 
 dichloromethane 

and knowing the 
nge in meniscus 
m a change in 
s the change in 
itial length of the 

(3) 

s an expected 
oes not take into 
 of the tube. The 
ter of the tube 
nt is therefore 

multiplied by the square of the ra
outer diameter (0.549). The expect
21.5 µm.  

C. Sensitivity and Resolution Mea
A 1 mW square wave with a 40 s

the heater element. There was 
accumulated within the system. A hi
off frequency of 0.3 mHz was used
the effect of heat accumulation. Fi
output.  

Fig. 5. Displacement of oil meniscus over 
square wave input. 

 
The displacement resulting from

approximately 22.2 µm; the heat sen
The change in temperature at the su
is 0.258 K (as found from mode
sensitivity is thus 86 µm/K. 

The resolution of the heterodyne 
0.31 nm. The heat and temperatur
and 3.6 µK, respectively. 

The position noise of the interf
over 10 minutes and found to have
3.8 nm over a 1 Hz bandwidth. The
minimum resolvable heat and tem
The noise-equivalent heat and nois
resolutions with the hood lowered
respectively. 

V. DISCUSSIO

Modeling and measurement have
case where there is no flow in
Modeling without flow has been f
prediction of the expected displacem
to application to the working micro
sensitivity and noise levels must
presence of flowing fluid. 

In comparison to the thermopile
our calorimeters, this sensor has a po
due to the noise present in the system
the sensor design is also greater. Th
contact with the muscle capillary; t
thermal impact [6]. 

 

atio of inner diameter to 
ted displacement is thus 

asurements 
s period was the input to 
no fluid flow so heat 
igh-pass filter with a cut-

d in LabVIEW to remove 
ig 5 shows the resulting 

 
time with 1 mW, 40 s period 

m a 20 mJ heat pulse is 
nsitivity is thus 1.1 mm/J. 
urface of dichoromethane 
eling). The temperature 

interferometer used was 
re resolution are 0.28 µJ 

ferometer was measured 
e a standard deviation of 
 position noise limits the 
mperature measurement. 
e-equivalent temperature 

d are 3.5 µJ and 44 µK, 

ON 
e been undertaken for the 
n the muscle capillary. 
found to enable accurate 
ment (within 3.2%). Prior 
ocalorimeter, tests of the 
t be performed in the 

es currently employed in 
oorer effective resolution 
m. The thermal impact of 
he thermopiles are not in 
thus they have negligible 
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VI. CONCLUSION 
A temperature sensor with negligible thermal impact has 

been created. The sensor transduces temperature via its 
effect on vapor pressure. Modeling accurately predicts the 
expected movement of a meniscus resulting from a 
temperature change. 

The current device uses multiple chemical species; work 
is currently proceeding on development of a single-species 
device with an improved noise-equivalent temperature. 
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