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Abstract 
 

A chip calorimeter to measure thermal properties of bio-chemical fluid samples is 

successfully demonstrated. The chip calorimeter design enables the simultaneous 

measurement of thermal conductivity and thermal diffusivity of 2.5 l liquid samples 

with high-sensitivity and high-throughput. The micro-calorimeter consists of two silicon 

nitride membranes, with integrated heaters and thermopiles that are 300 m apart and 

enclose the liquid chamber. The sensor shows 5 V/W sensitivity and 200 K/W thermal 

resistance for water. The applicability of the micro-calorimeter to bio-chemical fluids 

thermal characterization is demonstrated by measuring thermal conductivity and thermal 

diffusivity of methanol-water mixtures and protein aqueous solutions (bovine serum 

albumin, BSA). Methanol-water mixtures thermal properties reveal good agreement with 

earlier reported experimental and theoretical data, showing approximately 2 % deviation. 

Thermal properties of BSA solutions with concentrations up to 20 % (w/v) were 

measured and values for thermal conductivity and diffusivity of (pure) BSA were 

estimated to be 0.20 W/Km and 0.64×10
-7

 m
2
/s, respectively. The fluidic chip-calorimeter 

resolves thermal properties for concentrations down to 1 % of both methanol and BSA.  

 

1. Introduction  

 

Measuring thermal properties of microliter liquid samples has showed increasing 

importance with the development of microfluidics and lab-on-a-chip applications [1-3]. 

Medical and biochemical applications require minimal sample consumption and highly 

sensitive sensors able to detect diluted samples. Calorimetry has been commonly used to 

measure thermal conductivity (k), thermal diffusivity () and heat capacity (Cp) of liquid 

samples [4-6], although few studies demonstrate its application on microliter volume 

capacities [7, 1, 8, 3]. Chip calorimeters have great potential as bio-chemical sensors due 

to their capability to analyze small quantities of samples within short time at low cost. 

Most of the chip calorimeters are limited to the measurement of one of the three thermal 

properties. Previous studies demonstrated the measurement of thermal conductivity or 

specific heat of liquid samples in either open or closed chamber configuration [9, 3]. In 

such cases the heater and thermopile are usually placed in the same membrane, only a 

few microns away from each other. Thus, the effective thermal diffusivity of the 

membrane-sample systems is dominated by the thermal diffusivity of the membrane. A 
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CMOS sensor was also proposed where diffusivity of liquid samples dropped directly 

onto the device is measured [10].  

Recently, we proposed a fluidic chip calorimeter whose design allows the simultaneous 

measurement of both thermal conductivity and thermal diffusivity of microliter liquid 

samples [8]. Heat capacity can be further determined (Cp = kV/, where V is the volume 

of the cell). The main feature of such device is that the liquid sample is kept inside a 

chamber where heater and thermopile are only separated by the sample. Moreover, 

working with a closed chamber chip calorimeter allows the accurate characterization of 

volatile liquids. 

In this paper we will present a second generation of the fluidic chip calorimeter that has 

two inlets (instead of one) which allow the mixture of reagents inside the chamber and 

real-time measurements. We will study the chip calorimeter performance and ability to 

measure thermal conductivity and thermal diffusivity of bio-chemical liquid samples by 

using two test systems: water-methanol mixtures and Bovine Serum Albumin (BSA) 

aqueous solutions. Thermal properties of water-methanol mixtures have been intensively 

studied using different techniques [11-14] allowing a good quality comparison and 

interpretation of the results obtained using the fluid chip calorimeter. Additionally, the 

study of protein solutions is motivated by the fundamental role that thermal properties, 

especially heat capacity, has on understanding folding processes and molecular 

recognition [15-16, 9]. One of the most common methods to study such proteins 

processes is differential scanning calorimeter (DSC) where the heat capacity is measured 

as a function of the temperature. However, DSC uses volume cells in the order of 1 ml 

which are not suitable for biochemical applications. This paper will also focus on 

determining thermal properties of BSA solutions with different concentrations at 20 ºC 

and verify the minimum concentration that can be resolved.  

 

2. Device description 

 

The microfluidic calorimeter is composed of two stacked thermal sensor chips like 

schematically shown in Fig. 1. Both chips have a 2 m-thick free-standing silicon nitride 

membrane with an integrated heater and thermopile. The membranes are separated by 

300 m and the spacing between them delimits the fluidic chamber with 2.5 l volume. 

The heater is made of p-type polycrystalline silicon (polySi); it is located in the center of 

the membrane and has a typical electrical resistance (Rh) of 19.3 k. The thermopile 

consists of 136 p-polySi/ n-polySi thermocouples. The cold junctions are located at the 

rim of the silicon chip where they are kept at room temperature. The hot junctions are 

located on top of the membrane, 80 m away from the heater, and follow the temperature 

changes inside the fluidic chamber. A picture showing the chip calorimeter is shown in 

Fig. 1b. The detailed fabrication process is described elsewhere [8].  

Two inlets and one outlet are micro-machined into the bottom chip allowing the liquid 

samples to go in and out of the fluidic chamber. The device is assembled on top of a 

customized aluminum manifold composed by a network of drilled fluidic channels which 

let the liquid samples flow in and out the calorimeter device without leakage (Fig. 1c). 
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Fig. 1 Fluidic chip-calorimeter composed of two stacked chips with silicon nitride membranes that define 

the liquid chamber of 2.5 l. The micro-calorimeter has 2 inlets micro machined in the bottom chip. (a) 

Chip calorimeter side view schematics; (b) Top view image showing two calorimeters on one chip (c) 

Measurement set-up. 

 

 

3. Measurement conditions 

 

Modulated calorimetry is used for the determination of thermal conductivity and thermal 

diffusivity. An AC voltage with frequency f0 is applied to the bottom membrane heater 

and by Joule effect an ac heat wave with a frequency, f, twice the input frequency is 
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produced. The heat wave propagates through the liquid sample resulting in amplitude 

decay and phase delay, and is detected by the thermopile placed on the opposite 

membrane. A lock-in amplifier (Stanford Research Systems SR830) is used to measure 

the amplitude, VRMS, and phase shift, , of the heat signal that reaches the top membrane 

thermopile. For all the measurements the input signal amplitude is V0 = 5 V. The 

measurements are all performed at 20 ºC.  

According to [5], a generic expression (1) can be deduced that relates the change in 

temperature with the applied voltage and  the angular frequency of the heat wave: 
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Where: 

T - difference in temperature measured by the thermopile between the chamber and 

silicon rim; 

K - effective thermal conductance of the system; 

C – effective heat capacity of the system; 

V0 - amplitude of input ac voltage; 

Rh - heater resistance;  

 – angular frequency of initial ac voltage (= 2f0). 

 

 
 
Fig. 2 Amplitude, VRMS, and phase shift, , of thermopile output measured as a function of the input 

frequency, f, when the chamber is filled with water and methanol, @ 20ºC. 

 

 

Furthermore, the temperature difference is related to the voltage perceived in the 

thermopile according to TNV s  , where s and N are respectively the Seebeck 

coefficient and the number of thermocouples. 
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In the limit of low frequencies, the change in temperature is independent of the frequency 

just as the amplitude of the signal detected by the thermopile.  
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This behavior is evidenced in Fig. 2 that shows the amplitude and phase shift of 

thermopile output measured as a function of the input frequency, f0, of the input signal 

when the chamber is filled with water and methanol. At very low frequencies, between 

0.001 Hz and 0.01 Hz, VRMS is approximately constant. It follows that Eq. (2) can be used 

for frequencies as high as 0.01 Hz. Considering the above observations, an AC voltage 

signal with 5 V amplitude and 0.01 Hz initial frequency is used for thermal conductivity 

measurements.  

Fig. 2 illustrates also that while the output amplitude decreases with frequency, f0, the 

phase delay increases. A simplified expression is presented in [4] that relates the thermal 

diffusivity with phase delay of the heat wave using modulated calorimetry. For that, it is 

assumed that the heat diffusion occurs in one dimension (1D), and the sample thickness, 

d, is longer than the thermal diffusion length, l: 
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Approximating the calorimeter to a 1D system - the distance between membranes (300 

m) is smaller than the membranes width (2 mm) and length (2.8 mm) - the heat is 

mainly transferred through the liquid in the direction perpendicular to the silicon 

membranes. Eq. (3) will be valid for heating frequencies above 0.25 Hz. Thus, thermal 

diffusivity measurements are done applying to the heater a sinusoidal wave (V0 = 5 V, f0 

= 1 Hz) and measuring the phase delay with the thermopile.    

 

4. Characterization of methanol-water mixtures and BSA aqueous solutions 

 

All solutions are prepared beforehand to make sure that there is no influence of the heat 

of mixing two components on the output signal. Methanol, MeOH, (Boom) is mixed with 

deionized (DI) water in concentration between 0.1 % and 100 % (v/v). Bovine serum 

albumin, BSA, (Sigma Aldrich) aqueous solutions were also prepared with DI water to 

obtain concentrations between 0.005 % and 20 % (w/v). 

The solutions are introduced trough one of the inlets into the micro-calorimeter chamber 

and the thermal conductivity and thermal diffusivity measurements are performed with 

no fluid flow. Each measurement is performed at least 3 times, inserting each time fresh 

solution into the calorimeter chamber. In the case of measuring BSA solutions the fluidic 

chamber is cleaned, between each measurement, by flushing it with methanol and DI 

water. Additionally, DI water is used as an experimental control by measuring its thermal 

properties after each time the chamber is cleaned.  

 

5. Results and Discussion 

 

Device calibration 
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A calibration of the micro-calorimeter is done to relate the output voltage of the 

thermopile with the liquid thermal properties. The voltage amplitude, VRMS, and phase 

shift, , are measured and plotted against the values of thermal conductivity and 

diffusivity for reference liquids whose properties can be found in the literature [11-14] 

[17] (Fig. 3). The liquids used for calibration were: water, methanol, ethanol, iso-

propanol, acetone, ethylene-glycol and propylene-glycol and 20%, 40%, 60% and 80% 

(v/v) methanol-water solutions. The calibration curve was built using more than one 

referenced value for each liquid measured. Concerning water, a comparison between 

previous thermal conductivity and diffusivity studies show deviations of nearly 1%. The 

micro-calorimeter under study shows a sensitivity of 5 V/W and thermal resistance of 

200 K/W with water. 

 

 
 
Fig. 3 Calibration curves for thermal conductivity (a) and thermal diffusivity (b) @ 20ºC. 
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In Fig. 3a the measured signal amplitude is plotted as a function of the thermal 

conductivity of the calibration liquids using f0= 0.01 Hz input signal.  

Experimental data is fitted to an expression based on (2):   
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P1 and P2 - fitting parameters that indicate the model accuracy. 

NS - thermopile sensitivity (~ 40 mV/K); 

A – area of the heater (~ 0.6 mm
2
); 

d – thickness of air and liquid layer – equivalent to the distance between membranes (~ 

0.3 mm); 

Kmem – thermal conductance of bottom membrane (~ 150 W/K);   

kliq – thermal conductivity of liquid sample; 

kair – thermal conductivity of air (0.025 W/Km). 
 

Eq. (4) considers that heat is transferred from the heater on the bottom membrane to: i) 

the liquid sample, ii) air below the bottom freestanding membrane and iii) to the 

membrane itself. The model is based on the assumption that the heat transferred to the 

liquid and air flows only in the direction perpendicular to the membranes (d), across the 

area of the heater (A). In the membrane the heat is assumed to flow in the direction of the 

silicon rim. The total thermal conductance of the system is given by: K= Kliq+ Kair + 

Kmem, where Kliq and Kair, are the thermal conductances of the liquid and air. Considering 

that the volume of air under the bottom membrane is equal to the volume of liquid on top 

of it (as depicted in Fig. 1a), K = (kliq+ kair) A/d + Kmem. The experimental data fits well 

with Eq. (4). The fitting parameter P1 = 0.8 is very close to unity which means that the 

value theoretically calculated for A/d is a good estimate. However, P2 = 2.7, indicates that 

the heat transferred through the membrane is underestimated. The simplified model 

shows nevertheless a good agreement with the real system calorimeter-liquid sample.  

 

Fig. 3b shows the measured phase shift for 1 Hz input signal as a function of the thermal 

diffusivity of the calibration liquids. The measured data fit well to Eq. (5): 
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where P3= 0.73 and P4= 1.54 are fitting parameters that indicate the model accuracy. The 

data fitting shows that the 1D model used (Eq. 5) is a good approximation to the 

calorimeter system.    

 

Methanol-Water mixtures 

 

Figure 4 shows the thermal conductivity and thermal diffusivity of methanol-water 

mixtures as a function of methanol volume fraction, xMeOH. Both, k, and  can be 
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reproducibly measured within ~ 0.3% error. The k and   values obtained for xMeOH = 0.2, 

0.4, 0.6 and 0.8 are according with previous studies [11, 13-14] within ~ 2% deviation. 

Additionally, the plot shows that k for methanol-water mixtures decreases with methanol 

volume fraction, following the empiric Jordan correlation [18] for mixtures of two 

liquids: 
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water kkkkk 3exp   , where  is an empirical constant.  

 

 

 
Fig. 4 Thermal conductivity and thermal diffusivity vs. methanol volume fraction in methanol-water 

solutions @ 20 ºC. 
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Experimental data of  for methanol-water mixtures show a good fit with a modified 

Jordan correlation which is based on the relation between k and  (=k/c, where  and c 

are the mixture density and specific heat)[13]:  
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The insets of figure 4a) and 4b) show in detailed the experimental points measured for 

solutions with methanol concentrations lower than 5%. It is observed that the solutions 

thermal conductivity and diffusivity can only be distinguished from pure water for 

methanol volume concentrations 1 % (xMeOH = 0.01). The maximum resolution reported 

for thermal diffusivity measurements of methanol-water mixtures is 0.5% using the 

pyroelectric thermal wave cavity technique which requires higher volumes of samples 

[13].  

 

Bovine Serum Albumin aqueous solution 

 
 
Fig. 5 Thermal conductivity (a) and thermal diffusivity (b) vs. BSA concentration in aqueous solutions @ 

20 ºC. 
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Fig. 5a) and 5b) show the thermal conductivity and thermal diffusivity measured, 

respectively, as a function of BSA weight fraction. Similarly to methanol-water mixtures 

the sensor resolves k and  down to 1 % BSA concentrations. The measurement error can 

reach 1.5 % which is substantially higher than the one observed for methanol-water 

mixtures. Such a high value could be caused by such artifacts as: i) small air bubbles 

(imperceptible to the eye) easily formed due to BSA solutions ability to foam; ii) 

chamber cleaning that is not efficient enough leaving BSA residues that remain attached 

to the chamber walls or iii) reductions in the BSA concentration, since BSA adsorbs 

easily to the chamber walls and tubing. 

As a first approach to predict the behavior of k and  for a solution, the data is fitted to 

Jordan empiric expression. The Jordan expression fits adequately both the thermal 

conductivity and diffusivity experimental data. From that, thermal conductivity and 

thermal diffusivity of (pure) BSA is estimated to be 0.20 W/Km and 0.64×10
-7

 m
2
/s, 

respectively. 

 

6. Conclusion 

 

In this paper, we demonstrate a fluidic chip-calorimeter for simultaneous measurement of 

thermal conductivity and diffusivity of 2.5 l bio-chemical fluids using ac calorimetry.  

A calibration of the micro-calorimeter was performed to relate the output voltage of the 

thermopile with the calibration liquid thermal properties. A simplified model for the heat 

transfer in the calorimeter-liquid system was developed. The model indicates that most of 

the heat waves propagate through the liquid on the direction perpendicular to the 

membranes. The chip calorimeter shows 5 V/W sensitivity and 200 K/W thermal 

resistance for water.  

Thermal properties of methanol-water mixtures were measured for methanol volume 

concentrations between 0.1 % and 1 %. Thermal conductivity and diffusivity are 

reproducibly measured within ~0.3 % error. Experimental data behavior follows Jordan 

empiric equation correlating the mixture thermal properties with the volume fraction of 

water and methanol. The micro-calorimeter resolves thermal conductivity and thermal 

diffusivity down to 1 % methanol concentrations. Such high resolution for methanol-

water system was only achieved before using a different technique where the required 

sample volume is about one order of magnitude higher.  

Thermal properties of aqueous BSA solutions can be determined and discriminated for 

BSA concentration higher than 1% and the intrinsic measurement error is approximately 

1.5%. Values for thermal conductivity and diffusivity of (pure) BSA were estimated to be 

0.20 W/Km and 0.64×10
-7

 m
2
/s. 

The chip calorimeter introduced here shows high potential for lab-on-a-chip applications 

by enabling thermal characterization of l liquid samples with high sensitivity and easy 

sample manipulation.  

 

Acknowledgments  

This work was supported by the Marie Curie Research and Trainings Network project 

Cellcheck (www.cellcheck.eu) (Contract number: MRTN-CT-2006-035854). Teresa 

Adrega also wants to thank Daniel Vidal for the useful discussions.  

http://www.cellcheck.eu/


11 

 

References 

 

[1] J. Garden, E. Château, and J. Chaussy, Highly sensitive ac nanocalorimeter for 

microliter-scale liquids or biological samples, Applied Physics Letters, 84 (2004) 

3597. 

[2] A. Minakov, Low-temperature AC microcalorimetry: Possibilities and limitations, 

Thermochimica Acta, 304 (1997) 165. 

[3] Y. Zhang and S. Tadigadapa, Thermal characterization of liquids and polymer 

thin films using a microcalorimeter, Applied Physics Letters, 86 (2005) 034101. 

[4] I. Hatta, Y. Sasuga, R. Kato, and A. Maesono, Thermal diffusivity measurement 

of thin films by means of an ac calorimetric method, Review of Scientific 

Instruments, 56 (1985) 1643. 

[5] J. Smaardyk and J. Mochel, High resolution ac calorimeter for organic liquids, 

Review of Scientific Instruments, 49 (1978) 988. 

[6] P. Sullivan and G. Seidel, Steady-state, ac-temperature calorimetry, Physical 

Review, 173 (1968) 679. 

[7] S. Choi, J. Kim, and D. Kim, 3 method to measure thermal properties of 

electrically conducting small-volume liquid, Review of Scientific Instruments, 78 

(2007) 084902. 

[8] E. Iervolino, A. van Herwaarden, and P. Sarro, Calorimeter chip calibration for 

thermal characterization of liquid samples, Thermochimica Acta, 2009). 

[9] Y. Zhang and S. Tadigadapa, A novel immunosensing technique based on the 

thermal properties of biochemicals, Sensors 2005 IEEE (2006) 42. 

[10] Y. Cheng, C. Chang, Y. Chung, J. Chien, J. Kuo, W. Chen, and P. Chen, A novel 

CMOS sensor for measuring thermal diffusivity of liquids, Sensors and Actuators 

A: Physical, 135 (2007) 451. 

[11] M. Assael, E. Charitidou, and W. Wakeham, Absolute measurements of the 

thermal conductivity of mixtures of alcohols with water, International Journal of 

Thermophysics, 10 (1989) 793. 

[12] D. Comeau, A. Haché, and N. Melikechi, Reflective thermal lensing and optical 

measurement of thermal diffusivity in liquids, Applied Physics Letters, 83 (2003) 

246. 

[13] A. Matvienko and A. Mandelis, High-Precision and High-Resolution 

Measurements of Thermal Diffusivity and Infrared Emissivity of Water–Methanol 

Mixtures Using a Pyroelectric Thermal Wave Resonator Cavity: Frequency-Scan 

Approach, International Journal of Thermophysics, 26 (2005) 837. 

[14] J. Wang and M. Fiebig, Measurement of the thermal diffusivity of aqueous 

solutions of alcohols by a laser-induced thermal grating technique, International 

Journal of Thermophysics, 16 (1995) 1353. 

[15] A. Hottot, R. Daoussi, and J. Andrieu, Thermophysical properties of aqueous and 

frozen states of BSA/water/Tris systems, International journal of biological 

macromolecules, 38 (2006) 225. 

[16] X. Yu and D. Leitner, Vibrational energy transfer and heat conduction in a 

protein, Journal of Physical Chemistry B-Condensed Phase, 107 (2003) 1698. 



12 

[17] R. Reid, J. Prausnitz, and T. Sherwood (1977) The Properties of Gases and 

Liquids.  (McGraw-Hill, New York). 

[18] E. Kam, Prediction of thermal conductivity of binary azeotropic liquid mixtures, 

Chemical Engineering Science, 48 (1993) 2307. 

 

 


