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Water and life are inextricably connected. The energetic state of water (captured by 

thermodynamic state variables: chemical potential, activity, water potential and relative 

humidity) is the universally useful measure for the accessibility of water to participate 

in chemical and physical transformations. The broad relevance of water and the 

importance of its energetic state give rise to the interest in sensors which can measure 

the energetic state of water. In this dissertation, we present the microtensiometer (μTM) 

as a new tool for the direct measurement of water potential and as a microlaboratory for 

the study of the flow of aqueous solutions through porous media. 

 

After justifying the broad relevance of water, the energetic state of water and its 

measurement, we proceed to critically review methods for the measurement of the 

energetic state of water. In this review, we focus on the working principles, sample 

compatibility, accuracy, response time and range of these tools and methods. We argue 

that, due to the underlying physics and the relative ease of measuring pressure, methods 

which directly measure water potential are inherently more sensitive than other 

methods. We end this review with a discussion of challenges and opportunities in the 

measurement of the energetic state of water. 

 

We then present the μTM as a new tool for ex-situ and in-situ measurements of water 



 

potential. Here, our focus is on the development of packaging and measurement systems 

which promote full thermodynamic equilibrium between the μTM and the sample of 

interest. We demonstrate that the μTM can make measurements which agree with 

industry standard techniques. These results suggest the μTM is a first-of-its-kind in-situ 

probe of water potential.  

 

Before concluding, we present a study of osmotic flow with the μTM. The μTM allows 

us to examine osmotic transients in a rigid, nano-porous membrane permeable to water 

and solute. We present osmotic transients as well as a model which hypothesizes that 

these transients are influenced by an unprecedented time scale associated with the 

membrane reflecting solute. We also compare our results to an existing theory of 

osmosis in a permeable membrane. 
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We are pressed on every side by troubles, but we are not crushed. We are perplexed, 

but not driven to despair. We are hunted down, but never abandoned by God. We get 

knocked down, but we are not destroyed. 

(2 Corinthians 4:8-9, New Living Translation)  
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CHAPTER 1 

INTRODUCTION 

 

The relevance of water 

We cannot imagine life without water. NASA believes so strongly that water is “the 

matrix of life” that in its search for extraterrestrial life a motto of the agency is “follow 

the water”1. The conclusion that water is necessary for life is supported by the fact that 

every organism we know of consists mostly of liquid water2. At life’s smallest scales, 

water plays key roles in: 1) defining the structure and activity of proteins and DNA, 2) 

acid- and base-catalyzing chemical reactions, 3) solvating bio-active molecules and 

ions, and 4) thermally regulating the environment2. In the human body, water aids in a 

variety of tasks critical to survival and good health such as: 1) regulating body 

temperature, 2) lubricating joints, 3) dissolving and carrying minerals and other 

nutrients, making them accessible for use throughout the body, 4) flushing out waste 

products, and 5) moistening sensitive body parts which directly interface with the 

environment (e.g., eyes, nose, mouth)3.  

 

Water plays a similarly important role on the ecological scale. The decreased density of 

ice relative to liquid water facilitated the development of life within the oceans and other 

bodies of water on Earth. If ice did not float on water and insulate the water underneath, 

aquatic life’s odds of survival in colder temperatures would have greatly diminished4. 

Water present in soils supports plants as well as communities of microbes5. The 

movement of water creates and changes structures in rock by adding (e.g., stalactite 

formation by deposition of carbonates6) and removing (e.g., the formation of canyons 

by erosion7) chemical species. 
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The relevance of water also extends to modern human life. Analysis suggests that the 

minimum amount of water required to sustain an adult is about 50 L of water per day8. 

This number includes drinking water, sanitation, bathing and cooking, but not the water 

required to produce the food a person eats or the energy a person uses. Common crops 

such as potatoes, wheat, rice and soybeans are estimated to use between 500 and 2000 

L of water per kg of yield produced9. Producing 1 kg of animal proteins requires about 

100 times more water than producing 1 kg of plant-based protein9. For a conventional 

powerplant, producing 1 million kWh of electricity requires about 1190 m3 of water9. 

For reference, 1 million kWh of electricity is enough energy to power ~1,150 U.S. 

homes for a month (an average U.S. household uses 867 kWh per month as of 201710) 

and 1190 m3 of water is about half the volume of an Olympic swimming pool.  

 

The broad relevance of water means that tools capable of tracking water and water-

related properties are broadly useful. In the present work, we are concerned with such 

tools, specifically the characterization and use of a tool to measure the energetic state 

of water, a microtensiometer (henceforth, referred to as μTM). Before discussing the 

μTM in greater detail, we first discuss the utility of the energetic state of water. 

 

The energetic state of water 

The energetic state of water is captured by thermodynamic state variables such as 

chemical potential, μw [J mol-1], water activity, aw [-], and water potential, Ψ [Pa]. As 

we will discuss in detail in Chapter 2, each of these state variables quantify the free 

energy of water and thus, define water’s ability to participate in chemical reactions and 

move between phases and materials. Therefore, the ability to measure μw, aw or Ψ is 

useful in any context where water is moving or undergoing a physical or chemical 

transformation. Regardless of the mode of transport, the driving force for water motion 
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or physiochemical transformation can be represented as a gradient of μw, aw or Ψ 11. 

 

All these variables, μw, aw or Ψ, share one-to-one relationships. As we will discuss in 

Chapter 2, one variable can be converted any of the others using constants and the 

temperature at which the variable was measured. For simplicity, we choose to primarily 

describe the energetic state of water with water activity, aw, in this dissertation. We 

make this choice because we believe water activity to be the most broadly understood 

and accepted term for the energetic state of water. Water activity is also conveniently 

because of its bounds. Under typical unsaturated conditions, water activity is bound 

between 0 (a theoretical limit where water has the lowest possible energetic state) and 

1 (the value for water on the vapor-liquid coexistence line). However, when discussing 

the μTM, we will use another term – water potential, Ψ. In the context of tensiometry, 

water potential is a useful concept because tensiometers are specialized pressure sensors 

which can measure water potential directly as a pressure. 

   

A biomimetic sensor for measuring water activity in complex media 

The μTM is a microelectromechanical system (MEMS) sensor which is a re-engineered 

version of a conventional tensiometer. Tensiometers are biomimetic because they 

manipulate water under tension – as plants do12. As we discuss later, the difference in 

pressure between the water within a tensiometer and ambient pressure can be directly 

related to the water activity (potential) of the environment surrounding the tensiometer.  

 

The μTM was designed with the following features which distinguish it from 

conventional tensiometers: 1) a rigid, porous silicon membrane with nanoscopic pores 

(rather than the microscopic pores of a conventional tensiometer) and 2) microfabricated 

design which takes advantage of the economy-of-scale and high spatial resolution of the 
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same fabrication techniques used to build microelectronics. These features uniquely 

position the μTM to be used in contexts inaccessible to conventional tensiometers due 

to the μTM increased range and small probe-type design.  

 

Outline of chapters 

As we mentioned previously, we are interested in the characterization and use of the 

μTM. This work will not discuss the design and fabrication of the μTM in detail. These 

topics have been presented at length elsewhere13,14. Instead, the present work will 

discuss packaging (i.e., mechanical and electrical components connected to or placed 

around the sensor to enable data to be collected and to protect the sensor) and 

measurement systems to enable to μTM to make accurate measurements of water 

potential. 

 

The present work aims to: 1) better understand the operation of the μTM in relatively 

simple and well-control laboratory environments such that its behavior in more complex 

environments (e.g., plant tissues, soils) can be understood; and 2) use the μTM as a tool 

to elucidate water-related phenomena.  

 

In chapter 2, we review measurement methods used to make measurements of the water 

potential and other related thermodynamic variables. We present other common 

methods and discuss their working principles, strengths and weaknesses. In this 

discussion, we seek to place the μTM into context relative to other existing methods. 

 

In chapter 3, we present the μTM as a unique tool for measuring the water activity of 

complex aqueous samples. We discuss its fabrication, packaging and measurement 

systems which enable the μTM to make both ex-situ and in-situ water activity 
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measurements. We use the μTM to measure the water activity of samples relevant to 

food science and bioprocessing such as: orange juice, cheeses and an E. Coli culture. 

We demonstrate that measurements made by the μTM agree with a chilled mirror 

hygrometer, an industry standard tool for the measurement of water activity. 

 

In chapter 4, we use the μTM as an experimental platform to study osmosis. When a 

μTM filled with pure water is submerged in aqueous solutions, the pressure within the 

μTM varies for a period of time ranging from minutes to days depending on the 

composition of the solution. We refer to this pressure variation as an osmotic transient. 

In this chapter, we present osmotic transient data we collected with the μTM in binary 

solutions of water and four different solutes. We study these transients in the context of 

previous studies of osmotic transients as well as a pore-scale theory of osmosis. We also 

develop a model which treats the μTM as a hydraulic resistor and capacitor and the 

solution as a hydraulic power source. Our interpretation of this model suggests that these 

data elucidate a new time scale related to the reflection of the solute by the membrane.  

 

Lastly, in chapter 5, we conclude by summarizing our work and findings. We also 

discuss the limitations of the present work and make suggestions for future work. 
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CHAPTER 2 

A CRITICAL REVIEW OF METHODS TO MEASURE WATER ACTIVTY IN 

COMPLEX AQUEOUS MEDIA 

 

Introduction 

The physical (e.g., moving, freezing, boiling) and chemical (e.g., participating in 

chemical reactions) changes undergone by water always occur along gradients of water 

activity, aw [-], from regions of higher activity to ones of lower activity. Therefore, the 

measurement of water activity is broadly relevant for the tracking the actions of water. 

For example, in clinical laboratories, the water activity of bodily fluids (e.g., serum, 

urine) is measured as the key indicator of a patient’s hydration state15. In foods, water 

activity is related to key metrics of food safety and quality such as shelf-life, taste, 

texture and aroma16–22. In meteorology, the prevailing relative humidity, %RH (= aw x 

100), of the air in an area is often reported because it contributes to the rate at which 

water (e.g., sweat, seawater, plant sap, cytoplasm) will evaporate into the ambient air23. 

Water activity dictates the movement of water within the soils, the ability of subsurface 

bacterial communities to proliferate, the rate of uptake from the soil to the plant and the 

rate of transpiration24. 

 

Because of the broad relevance of water activity, a variety of technologies have been 

developed to make water activity measurements. The objective of this chapter is to 

critically review these technologies. We note that Sweeney and Beuchat presented a 

similar review previously which focused on biological fluids25. Here, we take a broader 

focus, emphasizing technologies capable of measuring water activity in complex 

aqueous media. We define complex aqueous media as any water containing condensed 

phase (i.e., liquid, solid, adsorbed, or semi-solid such as gels). We categorize these 
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technologies into three groups by the type of measurement they perform. These three 

categories are technologies which make measurements of: temperature, pressure, and 

electrical properties (i.e., electrical resistance or capacitance).  

 

We organize this review as follows: 1) we contextualize water activity and other 

thermodynamic state variables which capture the energetic state of water (see 

Thermodynamic state variables which capture the energetic state of water); 2) we 

discuss the working principles of each technologies and its current state of development 

(see Working principles); 3) we compare and contrast the strengths and weaknesses each 

technologies (see Choosing the right technology); and 4) we conclude by outlining 

current challenges and opportunities (see Challenges and opportunities). 

  

Thermodynamic state variables which capture the energetic state of water 

Water activity has one-to-one relationships with two other thermodynamic variables 

which quantify the energetic state of water: the chemical potential of water, μw [J mol-

1], and water potential, Ψ [bar = 0.1 MPa ~ atm]. As state variables (i.e., quantities which 

describe a system independent of a specific process26), the chemical potential of water, 

water activity and water potential, rather than the water content or volume fraction, θ 

[m3 m-3], are often the most useful measures of the thermodynamic status of water.  

 

The importance of the chemical potential of water, water activity and water potential 

stems from their connection to free energy and the second law of thermodynamics. The 

second law of thermodynamics can be stated as follows: systems will always change to 

minimize their free energy.  

 

Chemical potential 
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Classical thermodynamics rigorously defines chemical potential of a chemical species 

i as follows27: 

 
 

(2.1) 

where G [J] is the Gibbs free energy of the system of interest, ni [mol] is the number 

of particles (e.g., atoms, molecules) of the species i, P [Pa] and T [K] are the pressure 

and temperature of the system. This notation indicates that P, T and the number of 

particles of every chemical species other than species i (i.e., nj≠i) are held constant in 

the derivative.  

 

This definition of chemical potential is illustrative of its relevance to the second law of 

thermodynamics. In processes where systems can reduce their free energy by changing 

the number of particles of a given chemical species (i.e., ni), mathematically, the 

chemical potential must be zero when the free energy is minimized.  

 

We mathematically define the chemical potential of water and its relationship to water 

activity as follows: 

  (2.2) 

where μ0(T) [J mol−1] is the chemical potential of water on the vapor liquid 

coexistence line at pressure, P0 [Pa], and temperature, T [K], R = 8.314 J mol−1 K−1 is 

the ideal gas constant. 

 

Water activity 

We define water activity as follows: 

 
 (2.3) 
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where Pvap [Pa] and Psat(T) are the vapor pressure and saturation vapor pressure of the 

vapor in equilibrium with the water-containing phase of interest at temperature, T. For 

unsaturated conditions (i.e., where the vapor pressure of liquid water is less than the 

saturation vapor pressure at the given temperature), water activity is between zero and 

one. 

 

Water potential 

For pressure-based measurements, we introduce a term from plant and environmental 

sciences which captures information about the energetic state of water as a pressure: 

water potential, Ψ [Pa]. Mathematically, water potential is defined as follows28: 

  (2.4) 

where vw = 18.04 x 10-6 m3 mol-1 is the molar volume of pure liquid water. The molar 

volume of water is fairly independent of temperature; from 0°C to 40°C, this value is 

within 1% of the true value25. By combining Eqns. 2.2 & 2.4, we can derive a direct 

relationship between water potential and activity: 

 
 

(2.5) 

From Eqn. 2.5,  water activity can be calculated from a water potential measurement 

given the temperature at which the measurement was made. Water potential of a pure 

liquid can also be expressed as the difference between the liquid and ambient pressure: 

  (2.6) 

where Pl [Pa] is the hydrostatic pressure in the liquid and P0 is the reference pressure, 

often chosen to be the ambient pressure. The water potential of a substance includes the 

following contributions: osmotic, capillary, and hydrostatic pressures. For unsaturated 

conditions, water potential is less than zero. 
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Osmotic pressure and osmolality 

For aqueous solutions, water potential is related to the osmotic pressure, Π [bar], of the 

solution as follows: 

  (2.7) 

The osmotic pressure of solutions is often discussed in terms of the osmolality defined 

as follows: 

 
 (2.8) 

where Π [bar] is the osmotic pressure, R = 8.314 x 10-2 L bar mol-1 K-1, T [K] is the 

temperature of the solution and Osm [osmole (kg solvent)-1] is the osmolality which is 

one 1 molal [mol solute (kg solvent)-1] of a hypothetical solute which behaves as an 

ideal, non-interacting particle in solution25. We emphasize that the osmolality, despite 

having the units very similar to a concentration, is not the concentration of any real 

solute. Osmolality is a recasting of the osmotic pressure with the units of a hypothetical 

concentration. 

 

Choosing between water activity, relative humidity, chemical potential, water potential, 

osmotic pressure and osmolality 

Given this variety of thermodynamic state variables which could be used to express the 

energetic status of water, the question becomes: which variable is appropriate? The 

answer to this question depends on the sample being discussed and the audience being 

addressed. Water potential, chemical potential and water activity are all applicable to 

any phase of complex aqueous media. Whereas the terms osmotic pressure and 

osmolality are typically only applied to liquid samples and relative humidity is typically 

limited to gases.  
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When selecting a term, we suggest using whichever thermodynamic state variable is 

commonly used in your community or the community being addressed. When in doubt, 

we suggest using water activity as we believe it to be the most widely accepted term.  

 

In this review, we will use the term water activity. We note, however, that the choice is 

rather arbitrary as all the variables we have discussed can be converted to any other 

using the equations we have presented, constants and temperature of the sample. 

 

 

Working principles 

Electrical property-based measurements 

There are sensors which measure the energetic state of water by measuring the 

resistance or capacitance of a material. This material is water-sensitive such that the 

property in question (i.e., electrical resistance or capacitance) changes as a function of 

the water activity (relative humidity) of the air surrounding the sensor.  Although there 

are some theoretical frameworks for understanding the relationship between electrical 

resistance or capacitance and relative humidity29, the relationships are typically 

determined empirically in practice.  

 

Electrical resistance 

An example of a sensor which measures water activity (relative humidity) by measuring 

electrical resistance (i.e., a resistive water activity sensor) is shown in Figure 2.1. 

Resistive water activity (relative humidity) sensors are made of the following: two 

contact pads, two interdigitated electrodes, a supporting substrate (typically glass or 

ceramic) and a water-absorbing material whose resistance changes as water ab- and de-
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sorbs. Typically, both the contact pads and interdigitated electrodes are made of 

precious metals (e.g., gold, platinum) to minimize corrosion30. The water-absorbing 

material whose resistance changes as water ab- and de-sorbs is either a ceramic or 

polymeric material which is ionically or electronically conductive or some combination 

of the two depending on the water activity (relative humidity) of the air surrounding the 

sensor. There are a wide variety of these materials being produced commercially or 

studied30. We will not go into detail on these materials. For the interested reader, an in-

depth review of these materials has been published by Farahani, et. al30. Instead we 

focus on the working principles of resistive water activity sensors. 

 

Figure 2.1: Basic design of resistance-based relative humidity sensor. Conductive pads and 

interdigitated electrodes made of precious metal are deposited atop a porous sensing layer and an 

insulated substrate. Each finger of the interdigitated electrode has a fixed width (red), gap 

(magenta) and overlapping area with the adjacent fingers of the other electode (cyan). Adapted from 

Farahani, et. al., 2014. 
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Generally, a resistive water activity sensor works as follows:30 each contact pad is 

connected to one of the two interdigitated electrodes. These electrodes are only 

connected via the porous sensing layer. As the water activity (relative humidity) of the 

air surrounding the sensor increases, water will be adsorbed into the porous sensing 

layer. In the case of an ionically conductive porous sensing layer, the increased water 

content of the porous sensing layer causes ionic functional groups (typically OH- or H+) 

in the porous sensing layer to dissociate and become free charge carriers. In the case of 

an electrically conductive porous sensing layer, the electrical potential between the pads 

causes water to donate electrons, increasing the number of free charge carriers. 

Regardless of the mechanism (electronic or ion conduction), an increase in the water 

activity surrounding the sensor causes a decrease of the resistance between the contact 

pads. An example the resistance as a function of water activity (relative humidity) for a 

resistive relative humidity sensor is shown in Figure 2.231.   

 

Figure 2.2: Sample response of a resistive water activity (relative 

humidity) sensor. The response of a resistive water activity 

(relative humidity) sensor at 25°C is plotted. This response has 

been linearized by a signal conditioning circuit. Adapted from 

Roveti, 2001. 
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To prevent the polarization effects which can result from operating under a constant DC 

voltage, resistive sensors are operated under AC excitation31. Additional circuitry is 

required to convert the current signal to DC and perform additional processing (e.g., 

amplification and linearization). 

 

Resistive water activity (relative humidity) sensors are widely commercially available. 

Because these sensors are produced using mature microfabrication techniques, they tend 

to be inexpensive. 

 

Electrical capacitance 

Figure 2.3: An example of a sandwich-type capacitive water activity 

sensor. A water-sensitive polymer is sandwiched between two 

electrodes. The upper electrode is porous gold which allows water 

vapor to contact the water-sensitive polymer. The lower electrode is 

two gold contact pads connected to wire leads. The whole stack (upper 

electrode, water-sensitive polymer and lower electrode) are mounted 

on a glass electrode. Adapted from Farahani, et. al., 2014. 
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Sensors that measure relative humidity by measuring capacitance (i.e., capacitive water 

activity (relative humidity) sensors) can come in two formats: an interdigitated electrode 

(like Figure 2.1) or a parallel plate format. An example of a parallel plate-type 

capacitive water activity sensors is shown in Figure 2.3. The materials used to make a 

capacitive water activity sensor are very similar to those used for resistive water activity 

sensors: electrodes, a porous ceramic or polymer sensing material and a supporting 

substrate (typically glass, ceramic or silicon). The parallel plates are made of precious 

metals (gold in Figure 2.3). The top electrode is porous gold to protect the sensing 

material for contamination and condensed liquid water while allowing water vapor to 

pass through. Again, we will not focus on the specific sensing materials used in these 

sensors. Farahani, et. al. discuss these materials in detail30. 

 

As the relative humidity of the air surrounding the sensor increases, the dielectric 

constant, and, therefore, the electrical capacitance of the sensing material increases 

almost in direct proportion to the increase in water activity (relative humidity). The near 

linearity of the capacitance as a function of relative humidity can be seen in Figure 2.4.  

Figure 2.4: The response of a capacitive relative humidity sensors at 25°C. Adapted 

from Roveti, 2001. 
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As with resistive water activity sensors, capacitive water activity sensors typically 

require additional circuitry for signal conditioning and powering the sensor31. 

 

Capacitive water activity sensors are common in commercial, industrial and weather 

monitoring. Farahani estimated that > 75% of all commercially available water activity 

sensors are capacitive water activity sensors30.  

 

Temperature-based measurements 

Temperature-based measurements relate the temperatures at which phase transitions 

occur to one of the thermodynamic state variables we discussed previously.  

 

The first two methods we discuss (psychrometry and chilled mirror hygrometry) 

measure the dew point of the water vapor in air equilibrated with the sample of interest. 

The dew point (Tdew) can be related to the water activity (relative humidity) of the air in 

equilibrium with the sample and by extension, the water activity in the sample. 

Lawrence provides a succinct and practical review of the empirical and theoretical 

relationships between Tdew and aw
32. The following is a widely used and highly accurate 

empirical expression based on the so-called Magnus formula: 

 
 

(2.9) 

where T [°C] is the temperature, A1 = 7.625 and B1 = 243.04°C are empirically 

determined constants. These values of A1 and B1 predict the saturation vapor pressure 

of water with a relative error of < 0.4% over a temperature range from -40°C to 50°C. 

A theory-based expression for water activity (relative humidity) as a function of dew 

point and ambient temperature can be obtained from the Clausius-Clapeyron equation. 
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If the enthalpy of vaporization, ΔHvap [J kg-1], is assumed constant, the following 

expression can be obtained: 

  (2.10) 

where T [°C] is the temperature and Rw = 461.5 J kg-1 K-1 is the water-specific gas law 

constant. 

 

We note that implicit in psychrometry and chilled mirror hygrometry is the assumption 

that water is the only condensable species present in the sample chamber. Therefore, 

these methods are sensitive to the presences of other condensable volatile chemical 

species (e.g., ethanol in alcohol production).  

 

Psychrometry 

The technique of psychrometry is based around a thermocouple, a junction of metals 

with dissimilar work functions33. The fact that a thermocouple is constructed from a 

junction of dissimilar metals allows a thermocouple to both measure (by the Seebeck 

effect) and alter (by the Peltier effect) the temperature34. Temperature measurement with 

a thermocouple is made possible by the Seebeck thermoelectric effect. The Seebeck 

thermoelectric effect describes the voltage produced when there is a temperature 

difference between the junction of dissimilar metals and their ends. The Peltier effect is 

the generation or absorption of heat which occurs when electrical current is passed 

through a junction of two dissimilar metals. Driving more current through the junction 

with a battery or other power source increases the amount of heat transferred and the 

direction of the current determines whether heat generated or absorbed. The ability of a 

thermocouple to both control and measure the temperature is central to psychrometry.  
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There are two distinct modes of psychrometry which are commonly implemented:  

psychrometric mode and hygrometric mode35. Both modes are depicted in Figure 2.5. 

Both hygrometric (Figure 2.5a & b) and psychrometric modes (Figure 2.5c & d) begin 

by running current through the thermocouple junction, cooling it to below the dew point. 

Once the current is stopped, the temperature of the thermocouple junction begins to 

Figure 2.5: Modes of psychrometry. a-b) Hygrometric mode. a) Thermocouple junction during 

hygrometric mode. There is no net motion of water to or from the thermocouple junction during a 

hygrometric measurement. b) Hypothetical plots of current and thermocouple output during 

hygrometric mode. The upper plot shows the periodic cycling of current through the thermocouple 

junction as a function of time. The lower plot shows the voltage output (related to the temperature) of 

the thermocouple as a function of time. c-d) Psychrometric mode. c) Thermocouple junction during 

psychrometric mode. Water evaporates off the thermocouple junction in psychrometric mode until the 

junction is completely dry. d) Hypothetical plot of thermocouple output during psychrometric mode. 

Adapted from Boyer, 1995. 
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increase due to influence of the ambient temperature. The rate of warming decreases 

and plateaus as the junction is cooled slightly due to evaporative cooling as water begins 

to evaporate off the thermocouple junction. At this point, the procedures for hygrometric 

and psychrometric modes diverge.  

 

In hygrometric mode, the current is turned back on, re-cooling the junction and keeping 

it around the temperature where the evaporative cooling causes the rate of warming to 

decrease. This temperature where the temperature transient begins to plateau is the dew 

point. At this point, there is no net condensation or evaporation of water onto or from 

the thermocouple junction. 

 

In psychrometric mode, the current remains off and the water continues to evaporate 

until all the water has evaporated off the thermocouple junction. The temperature 

plateau before the temperature transient returns to the ambient temperature is the dew 

point.  

 

Both hygrometric and psychrometric modes have advantages and disadvantages. 

Hygrometric mode requires complex control circuitry and algorithms to allow the 

temperature of the junction to converge on the dew point. In contrast, psychrometric 

mode does not require such fine control of the temperature of the thermocouple junction. 

However, psychrometric mode is complicated because the final reading comes from the 

interpretation of a transient temperature signal which can be more ambiguous than 

depicted in the idealized plot in Figure 2.5. In contrast, hygrometric mode allows to the 

final reading to come from a stable reading the dew point. Of the two modes, we believe 

that psychrometric mode is the most commonly implemented.  
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Psychrometers are sold primarily as research tools. We are aware of the following 

companies which sell research-grade psychrometers: ICT International and Wescor 

(now part of ELITech Group). 

 

Chilled mirror hygrometry 

 

Chilled mirror hygrometry decouples the three of the functions that the thermocouple 

serves in psychrometry: acting as a condensing surface, sensing condensation and 

measuring the temperature. In addition to a thermocouple, a chilled mirror hygrometer 

adds four other electronic components: a chilled mirror, a photoelectric cell (called a 

light source in Figure 2.6), a photodetector and a Peliter cooler (called a thermopile in 

Figure 2.6) . All these components except for the photodetector are pictured in Figure 

Figure 2.6: Schematic of a chilled mirror hygrometer. A sample is positioned on a slide tray 

inside a sensing chamber. A light source positioned above the sample is pointed at a cooled 

mirror and thermopile which are connected to a datalogger and controller. Adapted from Gee, 

et. al., 1992.  
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2.6. The photodetector is positioned adjacent to the chilled mirror reflects light that 

reflects off the chilled mirror can be collected.  

 

Water activity measurement works as follows36: when the sample is inserted, the sensing 

chamber is sealed. As water vapor equilibrates between the sample and the air in the 

sensing chamber sample, the Peltier cooler cools the chilled mirror while the chilled 

mirror hygrometer directs a beam of light onto the mirror. When water begins to 

condense on the mirror, the photodetector senses a change in the reflectance of the 

mirror. Using the feedback from the photodetector, the temperature of the chilled mirror 

is adjusted until the temperature converges to dew point.  

 

Chilled mirror hygrometry has become an industry standard method for measuring the 

dew point. Benchtop units are available from several vendors including Advanced 

Instruments, METER Group (formerly Decagon Devices) and YES, Inc.  

 

Freezing point osmometry 

Freezing point osmometry measures the freezing point of a solution. Using 

thermodynamic arguments, freezing point osmometers convert the difference between 

the freezing point of the solution and the freezing point of the pure solvent (typically 

water) into an osmolality. For aqueous samples, the following relationship is commonly 

cited37: 

  
(2.11) 

where Tf,soln and Tf,w [°C] are the freezing temperatures of the solution and water, Kf = 

1.86 K (kg water) (osmol)-1 is the cryoscopic constant for water and Osm [osmol (kg 

water)-1] is the osmolality of the solution.  
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Though Eqn. 2.11 is commonly used its derivation (see Sweeny and Beuchat for more 

detail on this derivation25) includes several assumptions which are either violated by 

commonly used samples or whose validity has not been proven. These assumptions are 

the following: 1) the solution is ideal; 2) the entropy and enthalpy of freezing are not 

affected by the solution composition or temperature of freezing; 3) Tf,soln ~ Tf,w such that 

(Tf,soln)( Tf,w) ~ ( Tf,w)2; 4) the solution is sufficiently dilute such that ln(1-xs) ~ - xs and 

xs ~ ns/nw where xs [-] and ns [mol] are the mole fraction and number of moles of solute(s) 

in the solution and ns [mol] is the number of moles of water in the solution; and 5) the 

molality of the solute (subject to all the previous assumptions) is equal to the osmolality. 

Despite this dubious list of assumptions, freezing point osmometers are commonly used 

especially in the fields of biology and medicine.  

 

Another implicit assumption in freezing point osmometry is that the water activity is 

not a strong function of temperature such that aw(T) ~ aw(Tf,soln) where T is the 

temperature relevant to the sample (e.g., body temperature in the case of a bodily fluid).  

 

Modern freezing point osmometers work as follows38: the user places a small volume 

of the sample of interest (typically ≤ 3 mL) in a small diameter, thin walled tube. After 

the user places the sample-filled tube into a sample chamber, a freezing point osmometer 

inserts a temperature probe into the sample. An electronic cooling system (likely a 

Peltier cooler) cools the sample so rapidly that the sample becomes supercooled (i.e., 

though the sample is below its freezing point, the sample is still liquid). To initiate 

freezing, the osmometer applies a mechanical shock to the sample. After freezing is 

initiated, the sample temperature increases slightly and plateaus due to the heat of 

fusion. This temperature plateau is taken to be the freezing point of the solution.  
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Manufacturers of freezing point osmometers are typically report ranges down to water 

activities, aw ~ 0.93 (Osm ~ 4,000 m(osmol)/kg)25. However, due to the delicate nature 

of the assumptions described previously, measurements below ~0.991 (~500 

m(osmol)/kg) should be viewed with caution25.  

 

All commercially available freezing point osmometers are automated benchtop units 

that feature digital displays that show results. As a result, we are unsure to what extent 

commercially available freezing point osmometers rely on Eqn. 2.11 as opposed to some 

other empirical relationship. Freezing point osmometers are broadly produced. We are 

aware to models available from the following companies: Precision Systems, Advanced 

Instruments, Gonotec, Sysmatec, and Knauer. 

 

Pressure-based measurements 

Pressure-based technologies for measuring the energetic state of water have the 

advantage of being able to directly measure one of the thermodynamic state variables 

we discussed previously (see Thermodynamic state variables which capture the 

energetic state of water). As a result, these methods do not rely on theoretical or 

empirical relationships between the properties they measure and water activity. In 

membrane osmometry, the measure the water activity as the osmotic pressure of 

solutions. Tensiometers and the Scholander pressure chamber allow water activity to be 

measured as the water potential of the sample.  
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Membrane osmometry 

Figure 2.7 illustrates the working principle of membrane osmometry. Initially, the u-

tube membrane osmometer is filled with equal volumes of water (the left side of the u-

tube in Figure 2.7)  and solution (water and solute(s); the right side of the u-tube in 

Figure 2.7). If the membrane of the u-tube osmometer is semi-permeable (i.e., the 

membrane does not allow the solute(s) to pass through; only water can flow through the 

membrane) with respect to the solute(s) in the solution, the u-tube will reach an 

equilibrium state with an non-zero pressure head (i.e., the difference between the heights 

of the liquids in the u-tube; between the red dashed lines in Figure 2.7). This pressure 

head is the osmotic pressure of the solution. The osmotic pressure can be related to water 

activity using Eqns. 2.5 and 2.7. 

 

Due to the difficulties of developing a membrane which is semi-permeable to a wide 

variety of possible solutes, commercially available membrane osmometers are used 

Figure 2.7: A u-tube osmometer with a semi-permeable membrane at equilibrium. 

Pure water and an aqueous solution, separated by a semi-permeable membrane, 

occupy either side of a u-tube osmometer. The solution column is higher than the liquid 

column by a height, h [m]. The osmotic pressure, Π [Pa] = ρgh where ρ [kg m3] is the 

density of the solution and g = 9.81 m s-2 is acceleration due to gravity.  
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strictly for high molecular weight polymers that can be excluded by membranes with a 

high degree of confidence. We are aware of only two companies which sell membrane 

osmometers: Gonotec and WEE-Solve. 

 

Tensiometry 

The principles of tensiometry are illustrated in Figure 2.8. A volume of pure, bulk water 

occupies a cavity within a tensiometer. The top of the cavity is a deformable diaphragm 

(a thin plate of non-porous material; dark beige in Figure 2.8) equipped with a strain 

gauge (magenta lines in Figure 2.8); the diaphragm and strain gauge deform in response 

to changes in the pressure within the cavity relative to ambient pressure. Water can enter 

or exit this cavity through a rigid, porous membrane. The water potential of the sample 

to which the tensiometer is exposed determines whether water will enter or exit the 

tensiometer. We note that the following discussion assumes that the sensor and the 

sample are in thermal equilibrium (i.e., Tc = Ts in Figure 2.8).  

 

When a tensiometer is exposed to a saturated sample or environment (where, by the 

definition of saturation, aw = 1 (Ψs = 0); Figure 2.8a), Eqn. 2.6 indicates that the pressure 

within the cavity (Pc) is equal to the ambient pressure (P0) (i.e., Pc = P0). Under these 

conditions, there is no net exchange of water between the tensiometer and the saturated 

sample, and the voltage output of the strain gauge is the offset voltage output, Vout
0, the 

voltage output of the strain gauge at zero strain.  
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Figure 2.8: Principles of tensiometry. a) A simplified tensiometer in equilibrium with a saturated sample 

(water potential, Ψ = 0 Pa; activity, aw = 1). There is no net transfer of water between the internal cavity 

of the tensiometer and the sample, and the pressure in the water in the cavity of the tensiometer, Pc [Pa], 

is equal to the ambient pressure, P0 [Pa]. The diaphragm of the tensiometer (dark beige) is not deformed 

and the strain gauge voltage output is Vout
0, the strain gauge offset voltage (i.e., the voltage output at zero 

strain). b) A simplified tensiometer in equilibrium with an unsaturated (Ψ < 0 Pa; aw < 1) sample. After a 

net transfer of water out of the tensiometer, the pressure of the water in the cavity of the tensiometer is 

reduced relative to the ambient pressure until chemical equilibrium is reached (i.e., Ψc = Ψs). This 

reduction in pressure in the cavity (Pc) causes a downward deflection in the diaphragm. The difference in 

the strain gauge voltage output when deformed (Vout) and the offset voltage output (Vout
0) changes in 

direct proportion to the pressure difference between the cavity (Pc) and the outside pressure (P0); this 

pressure is equal to the sample water potential (Ψs). c) Menisci at the pore scale. Close-up schematic of 

several pores within the nano-porous silicon membrane showing the pinning of curved water-air 

interfaces; rp,max is the pore radius of the largest pore and θ is the contact angle between water and the 

pore wall. 
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When a tensiometer is exposed to a sub-saturated sample (where by the definition of 

saturation, aw < 1 (Ψs < 0); Figure 2.8b), water from the cavity will exit the cavity, move 

through the membrane, and evaporate at the membrane surface until the pressure in the 

cavity reaches a reduced pressure: Pc = P0 + Ψs (Eqn. 2.6). Thus, at equilibrium, the 

magnitude of the difference between the pressure in the cavity and the ambient pressure 

equals the water potential of the sample: Pc - P0 = Ψs. 

 

To keep liquid water within the tensiometer, the pressure difference between the water 

in the sensor and the external environment (Eqn. 2.6) must be balanced by the capillary 

pressure at the surface of each pore in the porous membrane (Figure 2.8c). This pressure 

should follow Young-Laplace law: 

  (2.12) 

where σ is the surface tension of water [0.072 N m−1], θ [rad] is the contact angle of 

the liquid with the pore wall, rp [m] is the radius of a pore at the membrane surface. For 

stable operation of a tensiometer, the magnitude of the water potential of the sample (Ψs 

= Pc - P0) must not exceed the maximum capillary pressure that can be achieved in the 

pores of the membrane. This maximum stress is set by the maximum pore radius, rp,max, 

and the receding contact angle of water with the pore wall, θr.  From Eqn.2.12, we have 

 
 (2.13) 

When Ψs < Ψs,min, we expect air to invade the membrane and eventually the internal 

cavity such that the liquid tension cannot be maintained. The tensiometer would stop 

functioning after such an event. Thus, Eqn. 2.13 illustrates the relationship between pore 

size and the range of water potentials a tensiometer can measure. Since the minimum 
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measurable water potential (Ψs,min) has an inverse dependence on the radius of the largest 

pore (rp,max), the smaller the largest pore, the lower the minimum water potential that 

can be measured (as seen in Eqns. 2.12 and 2.13). We note that heterogeneous (surface-

activated) nucleation of vapor bubbles within the cavity can also release the tension 

within the liquid water in a tensiometer. These events occur at pressure lower than those 

predicted by Eqn. 2.13; thereby decreasing the effective operational range of the 

tensiometer.  

 

Currently available commercial tensiometers are designed for and used in soils 

exclusively. Tensiometers are available commercially from the following companies: 

METER Group, Krüss, Irrometer, and Spectrum technologies. 
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Scholander Pressure chamber 

The Scholander pressure chamber39 (or pressure bomb; pictured in Figure 2.9) is a 

specialized tool developed to measure the water potential of cuttings from plants (e.g., 

leaves, small branches). 

 

 The working principle of the pressure bomb is extraordinarily simple, in principle. The 

user places the cutting (a small branch in Figure 2.9) in the pressure chamber with the 

cut end protruding through an air-tight seal made with a rubber compression gland. The 

user then increases the pressure in the chamber using a source of compressed gas (e.g., 

pneumatic system, compressed gas cylinder; NOTE: high pressure gases are dangerous 

and proper safety precautions should be taken). As the pressure in the chamber 

increases, the end of the cutting is observed with an optical system or by eye. The 

pressure in the chamber when the first drops of liquid wets the surface is taken to be the 

water potential of the branch. 

 

Figure 2.9: Scholander Pressure chamber. A small branch is sealed in a 

pressure vessel with the stem protruding from the top of the vessel. Optics 

pointed at the end of thestem. Gas can enter (and exit) the sealed vessel 

through a port on the left. Adapted from Stroock, et. al., 2014. 
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The simplicity of the Scholander pressure chamber can be considered both an asset and 

liability. The manual nature of the measurement introduces variability and human error.  

 

Scholander pressure chamber are made by Skye Instruments, PMS Instrument Company 

and Soilmoisture Equipment Corp. 

    

Choosing the right technology 

After surveying eight different technologies to measure the energetic state of water, we 

now turn out attention towards the practical question of how to choose between these 

methods. In this section, we discuss readily apparent considerations such as range, 

accuracy and sensitivity as well as less apparent considerations such as possible sources 

of measurement error.  

 

Sample compatibility 

The distinct working principles of each of the technologies we discussed gives rise to 

inherent compatibilities and incompatibilities between samples and measurement 

methods. We summarize these compatibilities based on the phase of the sample of 

interest in Table 2.1. 

 

In addition to these compatibilities based on phase, there are further notes on 

compatibility we should make for specific techniques. 

 

Table 2.1: Compatibilities of samples of a given phase with method to measure the energetic state of 

water. A check (✓) indicates is it theoretically possible to make a measurement of a sample of this 

phase. An x () indicates we do not believe a measurement could be made on a sample of this phase 

using the indicated method.  
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Tool or Method Gases Liquids Solids 
Semi-

solids 

Electrical 

resistance 
✓ ✓ ✓ ✓ 

Electrical 

capacitance 
✓ ✓ ✓ ✓ 

Psychrometry ✓ ✓ ✓ ✓ 

Chilled mirror 

hygrometry 
✓ ✓ ✓ ✓ 

Freezing point 

osmometry 
 ✓   

Membrane 

osmometry 
 ✓   

Tensiometry ✓ ✓ ✓ ✓ 

Scholander 

pressure chamber 
  ✓  

In Table 2.1, we indicate that electrical (resistance and capacitance) sensors and 

tensiometers are compatible with liquids. This compatibility is contingent on the 

implementation of appropriate packaging. The sensing elements and signal conditioning 

components of electrical (resistance and capacitance) sensors are sensitive to the 

presence of liquids (especially with free ions present) and prolonged exposure to high 

relative humidity30. Therefore, these components must be protected from liquids and 

highly humid environments while still allowing water vapor to access the sensing 

element. The membranes of tensiometers tend to be permeable to most aqueous solutes 

making it difficult to measure the true water activity of liquid sample (note: this scenario 

is the focus of Chapter 4). In practice, another membrane could be placed in series with 

the tensiometer membrane to block the entry of solutes while allowing water vapor to 

pass. We develop methods to do this in Chapter 3. 
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The psychrometric effect 

Any sensor that measures water activity through a vapor phase is vulnerable to a thermal 

artifact we will refer to as the psychrometric effect. The psychrometric effect arises from 

variation in the saturation vapor pressure of water with respect to temperature. When 

the sensing element and the temperature of the sample differ, the saturation pressure of 

water, and therefore the water activity (see comments on Eqn. 2.2), differs at each 

location. We will denote this temperature difference which is central to the 

psychrometric effect as follows:  

  (2.14) 

∆𝑇𝑃𝐸 could be a result of Ohmic heating of the sensor or ambient temperature gradients.  

 

Dixon et. al. estimate the magnitude of this effect using a thermodynamic argument and 

measure it directly40. They concluded that the psychrometric effect induces an error in 

water potential measurements of ~ -80 bars per °C of ∆𝑇𝑃𝐸. Mathematically, 

 
 (2.15) 

 

In a recent paper from our group41, we treat the psychrometric effect thoroughly both 

theoretically and experimentally using the μTM as a tool and confirm the results of 

Dixon et. al.  

 

To minimize the impact of the psychrometric effect, measurement systems must be 

designed to minimize ΔTPE. For systems like psychrometers and dew point hygrometers 

whose mode of operation requires temperature difference between the sample and the 

sensing element, the thermal environment surrounding the sensor and sample must be 



 

33 

 

carefully regulated to ensure psychrometric errors are not affecting measurements.   

 

In-situ vs. Ex-situ measurements 

Another consideration for selecting a technique for measuring the energetic state of 

water is whether an in-situ or ex-situ measurement is desired. In this context, “ex-situ” 

refers to a measurement performed on a small sample and placed within a measurement 

system. In contrast, “in-situ” refers to measurements preformed with the sensor 

submerged or embedded in the sample of interest. 

 

At their current state of development, most of the techniques we have discussed can 

only preform ex-situ measurements. The techniques available in sizes and shapes 

conducive for in-situ measurements are electrical (capacitive and resistive) sensors, 

psychrometers, and tensiometers. However, users of all these sensors must be wary of 

psychrometric errors.  

  

Accuracy, range, measurement time and sensitivity 

We give approximate values for the accuracy, range and measurement time of the 

sensors discussed in Table 2.2.  

 

We note that, depending on the target application, the necessary range of water activity 

differs. Typical water activities in plants and soils range from 0.978 to 0.9999911. 

Aqueous solutions can have activities as low as 0.082 (see potassium hydroxide42). In 

foods, water activities can range from close to 1 (for meats, fruits and vegetables) to as 

low as 0.6 (for crackers and cookies)43.  

 

Table 2.2: Summary of range, accuracy and measurement times of methods for measuring the energetic 

state of water.  
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Tool or Method Range in aw [-] 
Accuracy in aw 

[± -] 

Measurement 

time [min] 

Electrical 

resistance31 
0.15 to 0.95 2 x 10-2 0.2 to 0.5 

Electrical 

capacitance31 
0.05 to 0.95 2 x 10-2 0.5 to 1 

Psychrometry11 0.93 to 0.998 7 x 10-4 1 

Chilled mirror 

hygrometry36 
0.11 to 0.9993 1 x 10-4 20 

Freezing point 

osmometry25 
0.93 to 1.00 4 x 10-5 2 to 3 

Membrane 

osmometry44 
0.83 to 1.00 2 x 10-4 >20 

Tensiometry13 0.9994 to 1.00 4 x 10-6 < 1 

μTM 

(see Ch. 3) 
0.92 to 1.00 2 x 10-3 ~ 15 

Scholander 

pressure chamber45 
0.93 to 1.00 1 x 10-3 1 

 

We note that tensiometry is the most accurate of the methods we discussed. We claim 

that the high accuracy of tensiometry is indicative of the sensitivity of the underlying 

physics. If you linearize the water potential as a function of water activity (Eqn. 2.5) 

between aw = 0.9 and 1, you find that the sensitivity of water potential to changes in 

activity (i.e., the slope of this linearization) is ~1350 bars per unit activity. In other 

words, if the activity changes by 0.001, the resulting change in water potential is 1.35 

bars. Preforming a similar linearization on a comparable measurable quantity like the 

dew point measurements (i.e., linearizing Eqn. 2.9 between aw = 0.9 and 1), you find 

the sensitivity of the dew point to changes in activity to be ~ 17°C per unit activity. 
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Meaning that the same activity change of 0.001 would result in a change in the dew 

point temperature of 0.017°C. Since the accuracy of the best temperature probes is ~ ± 

0.146, change in the activity of 0.001 would be difficult to resolve with a dew point-

based measurement method. In contrast, pressure sensors can resolve pressures on the 

order of pascals (1 Pa = 10-5 bar)47, so a change of 1.35 bars could be readily resolved. 

We should note that, in practice, other effects (e.g., the psychrometric effect, calibration 

drift) can limit the accuracy and sensitivity of tensiometry.  

 

Challenges and opportunities 

We conclude by briefly pointing out challenges and opportunities we believe will be 

important in defining the future of measurements of the energetic state of water. 

 

Dispersible sensors 

In plant breeding and genetics, modern automation and computation capabilities have 

given rise to the popularity of high throughput phenotyping48. High throughput 

phenotyping allows for large datasets composed of data from thousands of individuals 

in a plant population to be collected and analyzed. Current types of data provide 

information which can be collected from image processing such as total leaf area, leaf 

angle and shape.  

 

The development of dispersible water potential sensors would enable rapid phenotyping 

studies to examine water-related plant phenotypes such as drought-tolerance and 

efficient water usage. 

 

Multimodal sensors 

A few examples exist of simultaneous measurement of both water content (m3 water per 
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m3 of space) and water potential, although measurements of the two quantities with 

different sensors is common49–52. Conventional tensiometers have been combined with 

time-domain-reflectometry, a measurement of water content. Although limited by the 

small range of tensiometers11, these multi-modal sensors have the promise of enabling 

convenient, accurate, in-situ measurements of water retention curves (curves of water 

content as function of water potential) in soils and their use could be extended to plants. 

Such sensors would aid in our understanding of the movements of water in both the 

plant and soil contexts. This improved understanding could help increase the efficiency 

of water use in the agricultural sector. 

 

Non-traditional contexts 

Cell culture 

As the biotech industry continues to develop, several studies in the literature suggest 

there are emerging opportunities to tune the growth and productivity of cultured single 

cell organisms by tuning the water activity of their growth media53,54. This tuning would 

be aided by the availability of water activity probes capable of monitoring culturing 

cells. Such probes could possibly enable automation of media changes, detect the 

accumulation of bioproducts or conditions which could be harmful to culturing cells.  

 

Concrete 

Concrete is the combination of cement, sand and gravel or crushed stone – three dry 

materials. When mixed with water, the result is initially a flowable slurry, but eventually 

the slurry becomes the rigid structural material used to make buildings, bridges, roads 

and sidewalks. The most important of these three dry starting materials is cement. A 

common cement, known as portland cement, is composed of lime (CaO), silica (SiO2), 

alumina (Al2O3), iron (II) oxide (Fe2O3) and gypsum (CaSO4•2H2O)55. Immediately 
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after the addition of water, the water dissolves some of the cement particles creating a 

pore solution that is saturated with ions (e.g., Ca2+, OH-, SO4
2-, etc.). At this time, the 

concrete will be a flowable and pourable slurry. After six to eight hours (depending on 

the temperature), the cement particles have undergone hydration reactions that have 

caused the cement particles to swell and fuse together, forming a solid rock-like matrix. 

Eventually, most of the bulk water has either been consumed by hydration reactions or 

evaporated from the matrix. 

 

An important observation about the curing process is that the presence of water initiates 

the hydration process and the development of mechanical strength in concrete. There 

are opportunities for studies to better understand the role of water in the role of water in 

this development process and to measure the water properties (e.g., relative humidity) 

in curing concrete to build better models to predict its ultimate strength and its strength 

as a function of time56. 

Conclusion 

In this review, we outlined the working principles of eight different technologies to 

measure water activity: two electrically-based technologies (resistance and 

capacitance), three temperature-based technologies (psychrometry, chilled mirror 

hygrometry and freezing point osmometry) and three pressure-based technologies 

(tensiometry, membrane osmometry, and the Scholander Pressure bomb). These 

working principles give rise to different ranges, sensitivities, measurement times and 

compatibilities.  

 

The diversity of technology developed is indicative of the fact that there is no one perfect 

technology to measure water activity. The choice of which tool or method to use must 

be informed by the sample of interest and the type of measurement (ex- or in-situ) 
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desired. 

 

Even with all the technologies currently available, there are still outstanding challenges 

to be addressed by further development of current tools and methods or entirely new 

technologies.  

 

Additional development and innovation as well as further use of existing technologies 

to measure water activities will surely play a part in better understanding water’s role in 

the world around us and better using our water resources. 
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CHAPTER 3 

EX-SITU AND IN-SITU MEASUREMENT OF WATER ACTIVITY WITH A 

MEMS TENSIOMETER 

 

Introduction 

Due to water’s unique physical and chemical properties and role as the ‘matrix of 

life’4,16, water activity is important in both natural and technological contexts. Water 

activity (or, equivalently, water potential or the chemical potential of water) defines the 

energetic accessibility of water to participate in chemical and physical processes. For 

example, in living tissues, the water activity of the environment surrounding cells (e.g., 

bodies of water, biological fluids, air) helps define the equilibrium concentration of 

water within cells17,57. In soils, differences in water activity define the rate of water 

evaporation to the atmosphere and its rate of uptake by plants24. Technological contexts 

provide further examples: in foods, the activity of water affects taste, texture, and the 

ability of bacteria and fungi to grow in food stuffs16–22; in cell culture, the efficiency of 

cultured cells to produce compounds of interest is a function of the water activity of 

their growth media53,54; in the synthesis of materials such as concrete56, hydro-58 and 

sol-gels59, water activity is the key parameter which governs the water-dependent 

chemical reactions necessary for these materials to develop their desired structure and 

properties.  

 

Despite the broad relevance of water activity, we still lack robust, accurate, and versatile 

tools for its measurement. Low cost, robust electrical resistance-60 or capacitance-

based61 sensors for measuring water activity in vapors (i.e., relative humidity) are 

widely used for meteorology or monitoring indoor air, but these sensors are 

insufficiently sensitive for many applications near saturation11. For liquid samples, 
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freezing point osmometers can measure water activity, but this technique is performed 

ex-situ and is inherently limited to making measurements at temperatures near the 

normal freezing point of water25. Membrane osmometers that can measure the osmotic 

pressure (and therefore, the water activity; see Eqns. 2.5 and 2.7) of liquid solutions 

have been produced commercially25,62 and reported in the literature44,63. Yet, the use of 

membrane osmometers is uncommon due to a number of factors with complicate their 

use including: solute permeation through membranes, slow measurements and large 

required sample volumes25. Thermocouple psychrometers have proven useful for both 

in-situ64–66 and ex-situ67–69 measurements of water activity across a variety of contexts. 

However, their usefulness is complicated by small, transient voltage signals, high 

temperature-sensitivity and the expense of sufficiently precise measurement electronics. 

Chilled mirror hygrometers provide high accuracy and rapid measurements and, as a 

result, have become popular for many applications,70 but these instruments have been 

limited to ex-situ measurements and remain expensive. 

 

Tensiometers measure the activity of water as a pressure difference between pure liquid 

water within the sensor and atmospheric pressure. This pressure difference is, by 

definition, the water potential, a measure of water activity with units of pressure used in 

plant and soil science. As we discussed in Chapter 2, (see Tensiometry section), a 

tensiometer enables the water it contains to reach reduced pressures (even negative 

pressures; i.e., tension) relative to ambient pressure by balancing two pressures: 1) the 

pressure generated by water loss due to exposure to a sub-saturated environment; and 

2) the capillary pressure within a rigid, porous (typically, ceramic) membrane. 

Conventional tensiometers are used almost exclusively in soil science where their 

unmatched accuracy near saturation11 makes them well-suited. Despite efforts to 

increase their range by miniaturization71 and filling with polymer solutions72,73, the 
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limited range of conventional tensiometers (limited to very close to saturation) and their 

large form factors (sensing area > 10 cm2) have kept them from being adopted more 

broadly. 

 

In this chapter, we present an updated version of a microelectromechanical system 

(MEMS) tensiometer, a microtensiometer (hereafter, abbreviated as μTM; Figure 3.1 

& Figure 3.2), presented previously by this group11. We have re-designed the μTM and 

developed packaging to enable ex-situ and in-situ measurements of water activity in a 

variety of complex samples. Both the current and past version of the μTM have an 

operational range 10-fold greater than that of conventional tensiometers, enabling 

tensiometry to be – for the first time – a viable technique for measuring water activity 

in a wide variety of contexts. Our use of microfabrication techniques to make the μTM 

allows many devices to be made simultaneously, potentially reducing the cost per 

sensor. 

Figure 3.1: Microtensiometer (μTM) for in-situ and ex-situ measurement of water potential. (a-b) 

Optical images of the top (a) and bottom (b) surfaces of the tensiometer. Along the upper edge of the 

top surface of the microtensiometer (a) are six rectangular platinum pads which are connected to two 

electrically-isolated sensing circuits formed on silicon oxide (dark grey): a strain gauge (grey circuit 

connected to the inner four pads) made from a Wheatstone bridge of piezoresistors and a platinum thin-

film resistive thermometer (white circuit connected to the outer two pads). On the bottom surface (b), a 

cavity (light grey rectangle), microchannels (light grey lines; we will refer to these as veins) and nano-

porous silicon (dark grey) can be viewed through a layer of anodically-bonded glass. 
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In the initial work on the μTM, Pagay, et. al.11 noted the following challenges that 

hindered broader application of our original design: 1) long transient response times, 2) 

lack of on-chip temperature measurement, and 3) lack of robust, application-specific 

packaging strategies.     

 

The new design and packaging schemes for the μTM we present in this work address 

these challenges. The new design of the μTM (pictured in Figure 3.1; schematically 

detailed in Figure 3.2) features smaller dimensions, greater mechanical and chemical 

stability, and faster transients than the first design. A key feature of this new design was 

the addition of veins (see Fig. Figure 3.2b) that mimic the xylem of trees to enable 

faster movement of water through the rigid, porous membrane of the sensor. The 

packaging we developed (Figure 3.4) protects the device mechanically, chemically and 

electrically so that measurements can be made while the sensor is submerged in aqueous 

phases for days. We demonstrate the use of this packaged device in two contexts: 1) for 

ex-situ measurements on small volumes of sample, we develop a custom apparatus that 

promotes thermodynamic (i.e., thermal and mass) equilibrium between μTM and the 

sample of interest (Figure 3.5); and 2) for in-situ measurements, we developed a probe 

that allows for complete submersion of the μTM in the sample of interest (Figure 3.6). 

 

We organize the presentation of this chapter as follows: 1) we discuss the relevant 

thermodynamic underpinnings and the theory of tensiometry, and the resulting design 

requirements (Background and theory); 2) we present the μTM and the packaging 

methods and measurement systems we developed to perform ex-situ and in-situ water 

activity measurements (Methods and materials); 3) we demonstrate the improved 

response time enabled by the addition of veins and reproducible and accurate 
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measurements both ex-situ and in-situ with aqueous solutions and more complex 

samples (Results and discussion); and 4) we conclude by summarizing this work and its 

results, emphasizing the broader impacts ( 

 

Conclusions). 

 

Background and theory 

Review of principles of tensiometry 

The operation of the μTM has been explained by Pagay et. al. 11 and in chapter 2; 

However, we will review the principles of operation of the μTM briefly here. 

 

The principle of tensiometry are illustrated in Figure 2.8 with a simplified cross-section 

of a μTM. The μTM the combination of four components: a cavity filled with bulk 

water, a rigid porous membrane, deformable diaphragm and a strain gauge.  

 

When filled with pure liquid water and exposed to an unsaturated sample (Ψs < 0; aw < 

1), water will flow from cavity, through the membrane of the μTM to evaporate at the 

membrane surface. This loss of water causes the pressure within the cavity, Pc [Pa], to 

decrease relative to the pressure ambient, P0 [Pa]. This pressure difference causes the 

diaphragm and strain gauge to deform; the strain gauge transduces this deformation into 

a voltage (Vout). For the μTM under typical conditions, the deformation of the diaphragm 

is sufficiently small such that the relationship between stress and strain for the 

diaphragm is linear. As a result, the difference in the deformed voltage output (Vout) and 

the voltage offset (Vout
0) of the strain gauge varies linearly with the pressure difference 

across the diaphragm and, by extension, the sample water potential, Ψs:  
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  (3.1) 

We perform a calibration to determine the constants in this linear relationship for each 

device (See Methods and materials; Eqn. 3.3) 

 

This pressure difference (Pc - P0) must be balanced by the capillary pressure at the 

surface of each pore to keep the water contained within the μTM. The balance of these 

pressures relationship is described by Eqn. 2.12 and the conditions under which this 

balance can no longer be maintained are described in Eqn. 2.13. We note that the typical 

pore size of porous silicon used in the μTM is ~1 to 3 nm. Considering Eqn. 2.13, if we 

take rp,max = 10 nm and θr = 0, we estimate Ψs,min  = -14.4 MPa. This smaller radius of 

the largest pore in the membrane of the μTM relative to the membranes of conventional 

tensiometers is what allows the μTM to have a greater operational range than 

conventional tensiometers.  

 

We must add that heterogeneous (i.e., surface-activated) nucleation of vapor bubbles 

within the cavity can also release the tension within the liquid water in a tensiometer. 

Since we typically observe Ψs,min ~ O(-10 MPa) and based on videos (see supplementary 

movie included with Pagay, et. al.11) of device failure at lower values of Ψs,max than we 

predict from Eqn. 2.13, we believe that cavitation (boiling) by heterogenous nucleation 

is the dominant mechanism of failure in the μTM.  

 

Design requirements for water activity measurements with a tensiometer 

Based on the theory of tensiometry we discussed and practical considerations, there are 

four design requirements that must be met to accurately and reliably measure water 

activity with a tensiometer.  
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1) The tensiometer must be protected from mechanical and chemical damage including 

by water. Chemical or mechanical damage could harm the tensiometer in three ways: i) 

the membrane could rupture preventing a pressure difference from developing across 

the diaphragm; ii) the diaphragm could break, allowing the water in the cavity to flow 

out; or iii) the strain gauge circuit could be damaged causing erroneous measurements, 

increased electrical noise, or short or open circuits. 

   

2) The tensiometer must be able to exchange water with the sample of interest in order 

to allow the internal liquid to equilibrate with the external phase. This condition 

requires that any packaging of the MEMS chip must allow for the exposure of the nano-

porous membrane to the external environment. 

 

3) The water within the tensiometer must remain pure. The conclusion that the pressure 

difference across the diaphragm is equal to the water potential of the sample (i.e., Ψs = 

Pc - P0) depends on the assumption that the water in the tensiometer is pure. If the water 

in the tensiometer is not pure, the pressure measured by the tensiometer will be Ψs – Ψc 

where Ψc is the water potential of the solution in the tensiometer74. As we will discuss 

in the Methods and materials section, we maintain the purity of the water within the 

tensiometer by maintaining a vapor gap between the tensiometer and the sample of 

interest. This scheme restricts us to samples that do not contain significant 

concentrations of volatile compounds that could cross the vapor gap and contaminate 

the water in the μTM. 

 

4) The temperature difference between the tensiometer and the sample of interest must 

be minimized. As we discussed previously, this requirement is related to the 

psychrometry effect (see The psychrometric effect section in chapter 2). Briefly, the 
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psychrometry effect arises from differences in the saturation pressure of water that exist 

when a sensor (the μTM in this case) and the sample being measured are at different 

temperatures. The psychrometric effect causes an offset in the measured water 

potential41; this offset depends on the temperature difference, ΔTPE, but not on the water 

potential of the sample, Ψs. The magnitude of this offset is ~ -80 bar (°C of ΔTPE)-1. 

Because this effect can have a large impact, we designed the packaging and 

measurement systems we developed (discussed in Methods and materials) to minimize 

temperature differences between the μTM and the sample being measured. 

 

Methods and materials 

Fabrication 

We make a wafer full of μTMs in the Cornell NanoScale Science and Technology Facility 

(CNF) by: 1) RCA cleaning a silicon wafer (diameter: 100 mm; crystal orientation: 

<111>; resistivity: 1-10 Ω-cm); 2) growing a 800 nm-thick layer of thermal oxide (SiO2) 

on the wafer using a MRL Thermal Oxide Furnace and a wet oxygen and nitrogen flow 

at 1000°C for 200 minutes; 3) depositing a 800 nm-thick, boron-doped (doping level: 6 x 

1019 carriers cm-3) layer of polycrystalline silicon (polySi) on the wafer with a MRL 

LPCVD Polysilicon furnace using B2H6 and SiH4 gases at 620°C for 130 minutes; 4) 

annealing the wafer in a MRL MOS Clean Annealing Furnace with inert gas (Ar) at 900°C 

for 30 min; 5) patterning the polySi on the top of the water by photolithography (S1827 

photoresist) followed by a dry etch using an Oxford 81 Plasma Etcher with SiF6/O2 (125 

mTorr, 45 sccm SF6, 15 sccm O2, 100 W) until all the polySi not protected by photoresist 

was removed; 6) patterning the SiO2 on the top of the water by photolithography (S1827 

photoresist) followed by a dry etch using an Oxford 81 Plasma Etcher with CHF3/O2 (50 

mTorr, 50 sccm CHF3, 2 sccm O2, 200 W) until all the SiO2 not protected by photoresist 

was removed; 7) removing the polySi and SiO2 on the bottom of the wafer using an Oxford 
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81 Plasma Etcher with the same process settings as described in steps 5) and 6); 8) etching 

3 μm-deep cavities and veins into the bottom of the wafer by photolithography (S1827 

photoresist) followed by a dry etch using an Oxford 81 Plasma Etcher with the same process 

settings as described in step 5); 9) conformally evaporating  200 nm of aluminum onto the 

top of the wafer using a CHA Mark50 Evaporator; 10) coating the bottom of the wafer 

with a 6 μm-thick layer of AZ P4903 photoresist, baking the resist at 115°C for 3 minutes, 

allowing the resist to cool for 30 – 60 minutes and patterning the resist by 

photolithography; 11) electrochemically etching the bottom of the wafer for 5 minutes 

using a 50:50 v/v mixture of concentrated HF (49% HF aqueous solution, Sigma Aldrich) 

and non-denatured ethanol (Sigma Aldrich) in a custom-made polytetrafluoroethylene 

chamber with a platinum cathode, an aluminum cathode (in contact with the aluminum on 

the top of the wafer) and an Hewlett Packard DC power supply (Model 6634B; current 

density: 20 mA cm-2) (NOTE: HF is corrosive and poisonous; working with HF requires 

special personal protection equipment); 12) washing the wafer with deionized water 

followed by desiccation to dry the porous silicon; 13) removing the aluminum from the top 

of the wafer using AZ 300 MIF developer; 14) cleaning the wafer with acetone, 

isopropanol and water; 15) annealing the wafer using Rapid Thermal Anneal (RTA, AG 

Associates Model 610) at 700 °C in pure oxygen for 30 s with 10 °C/s ramping; 16) cleaning 

a 100 mm-diameter, 500 μm-thick borofloat wafer with Nanostrip® (VWR); 17) cleaning 

both the borofloat and silicon wafers with a 150 W plasma for 4 minutes; 18) anodically 

bonding the borofloat wafer to the bottom of the silicon wafer with a SuSS SB8e bonder for 

20 minutes under the following conditions: vacuum, top/bottom temperature of 400/378 °C, 

-1500 V applied; 19) coating the top of the bonded silicon wafer with LOR 5A and S1827 

photoresists, patterning the resists by photolithography then depositing titanium (15 nm-

thick), platinum (200 nm-thick) and titanium (15 nm-thick) sequentially using a CVC E-

gun Evaporation System (model SC4500); 20) removing the photoresist using LOR 
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remover (1-methyl-2-pyrrolidinone) at 60 °C while sonicating for 60 minutes, followed by 

washing the bonded wafer with deionized water; 21) depositing passivation layers of SiO2 

(400 nm-thick), silicon nitride (300 nm-thick), silicon oxynitride (200 nm-thick), and SiO2 

(100 nm-thick), sequentially in an Oxford PECVD at 200°C; 22) etching the top of the 

bonded wafers using an Oxford 81 Plasma Etcher with CHF3/O2 (50 mTorr, 50 sccm CHF3, 

2 sccm O2, 200 W); and, 23) dicing the wafer using a DISCO Dicing Saw with an all-

purpose blade. 

 

More details on this fabrication process are available elsewhere13,14. 

 

The result of the fabrication process is a wafer of approximately 150 μTMs with various 

diaphragm sizes: 1 mm x 2 mm, 1.5 mm x 3 mm, 2 mm x 3 mm and 3.5 mm x 4 mm. 

We designed the photolithography mask such that some μTMs on each wafer did not 

have veins (see Figure 3.2b). These devices allowed us to evaluate the impact of the 

veins on the response time of the μTM. 

 

All devices used in this work had a 1 mm x 2 mm diaphragm.  

 

Photographs of the top and bottom sides of single μTM are shown in Figure 3.1. Figure 

3.2 shows a detailed diagram of the top-, bottom- and cross sectional-views of the μTM.  

  

Changes implemented in the second generation μTM 

We will note the changes implemented in the second generation μTM (Figure 3.2). 

We improved our original μTM design by:  

1) adding a platinum resistance thermometer (PRT) to allow for the tracking of the 

sensor temperature (Figure 3.2a);  
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2) changing the wiring from aluminum to platinum to increase resistance to 

electrochemical corrosion (Figure 3.2a, c); 

3) reducing the dimensions of the device from 10 mm x 12 mm x 0.8 mm to 5 mm 

x 5 mm x 0.8 mm to decrease the form factor (Figure 3.2a-b); 
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4) changing the diaphragm geometry from circular to rectangular to increase the 

sensitivity of the pressure measurement per unit area of the diaphragm (Figure 

3.2a-b); 

Figure 3.2: Diagrams of the microtensiometer (μTM). (a-c) Diagrams of the top (a), bottom (b) and 

cross-section (c) of the μTM. On the top surface of the tensiometer (a; similar to Figure 3.1a), the 

platinum wiring (light grey) sits atop silicon oxide (beige). A stain gauge is connected to the inner four 

platinum pads (dark grey) and a thermometer is connected to the outer two pads along the top edge. 

The strain gauge is composed of four polysilicon piezoresistors (magenta) in a Wheatstone bridge 

configuration on top of a deformable silicon diaphragm (dark beige). The thermometer is the serpentine 

thin film of platinum near the lower edge. On the bottom surface (b; similar to Figure 3.1b), liquid 

water (light blue) fills the cavity, veins, and the nano-porous silicon (yellow-brown) as it would when 

the sensor is in use. In the cross-section (c), the platinum and polysilicon circuits can be seen atop the 

silicon. The polysilicon resistors are positioned atop the diaphragm to measure its deformation. 

Beneath the diaphragm is the water-filled cavity (of depth, hc) which is connected to the layer of nano-

porous silicon through veins (also, of depth, hc) filled with liquid water. Anodically-bonded glass (dark 

grey) forms the bottom for the cavity. (Note: the thickness of the layers is not to scale). 
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5) adding 10 μm-wide x 3 μm-deep veins (i.e., etched cavities) to decrease transient 

time by reducing the resistance to water flow between the main cavity and the 

edge of the sensor (Figure 3.2b-c); 

6) reducing the total area of porous silicon to decrease transient time by decreasing 

the total water capacity of the sensor (Figure 3.2b); and 

7) decreasing the depth of the water cavity from 25 μm to 3 μm to decrease transient 

time by decreasing water capacity of the cavity (Figure 3.2e). 

 

Packaging 

We packaged each μTM individually before use. In this context, packaging is the 

materials placed around the sensor to provide chemical and mechanical protection and 

make electrical connection with the chip. The packaging we describe here (Figure 3.4) 

is the basic package used for all μTMs in this work. The package has three main 

components: an aluminum tube (light grey in Figure 3.4), a custom-made printed circuit 

board (PCB) made of FR4, a composite material composed of fiberglass bound with an 

Figure 3.3: Detailed diagrams of printed circuit. (a) Custom-made printed circuit board. These printed 

circuit boards (PCBs) are made of glass-reinforced epoxy laminate (purple). All the contacts on the 

PCB are gold-plated nickel (yellow) and all the wiring is copper routed under a solder mask (light 

purple). (b) Microtensiometer (μTM) mounted on a PCB. Each μTM (as seen in Figure 3.2a) used in 

this work was mounted on a PCB via melted solder interconnections between PCB and μTM pads (i.e., 

flip-chip connection; seen in Figure 3.4a). The backside of the PCB as well as part of the top side of a 

μTM are visible when the sensor is mounted. The diaphragm is visible through the cut out. 
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epoxy resin (see Figure 3.3; purple in Figure 3.4) and a polyurethane encapsulant 

(black in Figure 3.4). The combination of these components provides the μTM with 

robust mechanical and chemical protection. 

We packaged the μTMs by:  

1) sonicating the individual μTM chip and a custom-made printed circuit board 

(Osh Park, Lake Oswego, OR) for 5 minutes in Acetone and IPA, respectively; 

2) drying both the sensor and PCB under a stream of filtered, compressed nitrogen; 

3) swabbing the contact pads of both sensor and PCB with stainless steel flux ("M-

A" Flux liquid, LA-CO Industries Inc., Elk Grove Village, IL); 

4) applying non-Rosin core solder (Kester, Itasca, IL) to the pads of the PCB;  

5) aligning the pads of μTM atop the pads of the PCB and placed both onto a 250°C 

hotplate until solder melted, connecting the pads of PCB and μTM; 

6) soldering waterproof Polarized 4-Wire Cable (Adafruit, New York, NY) to the 

PCB; 

7) sonicating the sensor and PCB for 5 minutes in DI water to remove the flux; 

8) attaching a hand-cut and filed strip of copper (0.0620 inch x 3/8 inch x 3/4 inch, 

McMaster-Carr, Aurora, OH) to the bottom (i.e, the glass surface) of the μTM 

with thermally-conductive adhesive (Artic Silver Inc., Visalia, CA); 

9) inserting whole assembly into an aluminum tube (5/16 inch-OD x 0.28 inch-ID 

x 1.9 cm-long, McMaster-Carr, Aurora, OH), taking care to create thermal 

contact between the copper strip and aluminum tube; 

10) filling the aluminum tube with UR5041 (Electrolube USA, Benbrook, TX), a 

water-resistant polyurethane encapsulant, using Parafilm M (Bemis Company, 

Inc., Oshkosh, WI) to hold the encapsulant in place until it set, taking care to not 

allow the encapsulant to obstruct the surface of the porous silicon membrane; 

11) filling the packaged μTM with deionized water by placing the sensor into a 
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pressurized O-ring seal reactor (High Pressure Equipment Company, Erie, PA) 

at ~ 7 MPa (1000 psi) (Note: pressurized fluids can be hazardous; appropriate 

safety precautions must be taken); and, 

12)  exposing the packaged μTM to a low water potential (activity) sample (aw ~ 

0.95; Ψ ~ -7 MPa) for 2 days to allow the device and encapsulant to desiccate 

after filling. 

We note that this packaging accomplishes, completely or in part, 3 of the 4 design 

requirements discussed in the Design requirements for water activity measurements 

with a tensiometer section. The combination of the aluminum tube and the polyurethane 

encapsulant provide the μTM with the necessary chemical and mechanical protection 

while still allowing water to be exchanged via the exposed nano-porous silicon 

membrane. Additionally, we designed our custom PCB with a cut out (Figure 3.3) to 

Figure 3.4: Detailed diagrams of a packaged microtensiometer (μTM). (a) Cross-section of in-situ 

packaging. An assembly consisting of a μTM, a PCB (seen in Figure 3.3), and a copper strip is 

encapsulated with a polyurethane encapsulant (black) in an aluminum tube. Wires inserted through the 

gold-plated through-holes  and soldered to the PCB protrude from the left side of the tube. For in-situ 

measurements in liquid, the right end of the aluminum tube is covered by a glass tube. An expanded 

polytetrafluoroethylene (ePTFE) separator is glued to the right end of the glass tube, separating the 

sensor from its surroundings. (b) End-on view of packaging without ePTFE. The assembly of the μTM 

and PCB can be seen sitting atop the copper strip. The width of the μTM and PCB is less than the inner 

diameter of the aluminum tube. The width of the copper strip is approximately the same as the inner 

diameter of the aluminum tube to form thermal contacts between the copper and aluminum (blue 

asterisks). The surface of the porous silicon (yellow-green) is visible. The remainder of the visible 

surface is exposed encapsulant. 
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ensure that the diaphragm of the μTM remained uncovered and able to deform 

unhindered by the package. Mounting the μTM on a copper strip and creating thermal 

contact between the copper strip and aluminum tubing provides a path of high thermal 

conductivity between the sensor and its surroundings. As we will discuss later, we use 

this thermally-conductive path to minimize the temperature difference between the 

sensor and sample (ΔTPE; Eqn. 2.14). 

 

Systems for measuring water activity 
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Ex-situ 

The measurement system we developed for ex-situ water activity measurements is 

shown in Figure 3.5. Here, “ex-situ” refers to a measurement performed on a small 

sample and placed within a measurement system. A simplified sketch of how we 

Figure 3.5: Ex-situ water activity measurement system. (a) Schematic of ex-situ measurement with a 

simplified tensiometer. An air gap mediates the contact between a simplified tensiometer and an 

unsaturated sample. Water moves between the tensiometer, the air gap and the sample until water 

achieves a thermodynamic equilibrium. At equilibrium, the water potential of the water in the cavity 

(Ψc) is equal to the water potential of the water vapor in the air gap ቆ
𝑹𝑻

𝒗𝒘
𝒍𝒏 ቀ

𝑷𝒗𝒂𝒑

𝑷𝒔𝒂𝒕
ቁቇ and the water 

potential of the sample (Ψs). (b) Diagram of ex-situ measurement apparatus. A packaged 

microtensiometer fits into close‐fitting hole in a 2.54 cm-tall, 5.08 cm-diameter (1 in‐tall, 2 in‐diameter) 

copper cylinder. The sample sits in a steel sample cup which fits into a second coper cylinder that is 

5.08 cm-tall and 5.08 cm in diameter (2 in‐tall and 2 in‐diameter). A small hole drilled into the side of 

this cylinder houses a commercial platinum resistance thermometer (PRT). The shorter cylinder 

containing the microtensiometer is notched to be seated on top of the taller cylinder containing the 

sample. (c) Photo of the apparatus described in (b). 
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implemented ex-situ measurements can be seen in Figure 3.5a. We use the μTM to 

measure the water activity of a sample by suspending the sensor over the sample with 

an air gap (~ 4 mm-thick) between the two. The air gap between the sample and the 

sensor keeps the water within the sensor pure as long as the sample does not contain a 

significant amount of volatile species. Maintaining a macroscopic vapor gap between 

the μTM and sample creates challenges in minimizing the temperature difference 

between the two.   

 

To address the challenge of minimizing the temperature difference between sensor and 

sample, we surrounded both the μTM and sample with highly conductive materials as 

can be seen in a schematic of the measurement system (Figure 3.5b) and a photograph 

of the measurement system (Figure 3.5c). We machined a 5.08 cm- (2 in-) diameter 

copper rod into two parts: a 2.54 cm- (1 in-) tall top and a 5.08 cm- (2 in-) tall base. 

Through the top, we drilled a 1.59 cm- (3/8 in-) diameter hole to allow a packaged μTM 

to be inserted. Into the base, we machined a recess to accommodate a removable steel 

sample cup (METER group, Inc., Pullman, WA). We placed this copper cylinder in a 

machined hollow aluminum cylinder (not pictured in Figure 3.5; outer diameter: 6.37 

cm; thickness: 0.65 cm; height: 8.03 cm) to promote thermal equilibrium between the 

base and the top of the copper cylinder. To reduce air gaps at the metal interfaces, we 

coated the interfaces between the hollow aluminum and the copper cylinders as well as 

the interfaces between the top and base of copper cylinder with thermal paste 

(CircuitWorks® Conductive Grease, Chemtronics, Kennesaw, GA). To limit the 

influence of ambient temperature variations, we insulated the copper cylinder with PVC 

foam insulation (1 inch-thick, McMaster-Carr, Aurora, OH; not shown in Figure 3.5). 

We cut the insulation into four 10.16 cm x 10.16 cm (4 in-x-4in) squares then cut a 6.4 

cm diameter hole into the center of each piece into which we inserted the hollow 
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aluminum and copper cylinders. Into the side of the hollow aluminum and base of the 

copper cylinders, we drilled a hole to fit a commercial PRT (Model: HSRTD, OMEGA 

Engineering, Inc., Norwalk, CT) to serve as a temperature reference. We used this PRT 

along with a Peltier module located under the base to control temperature of the 

assembled base and top (not shown in Figure 3.5a). We dissipated the waste heat 

generated by the Peltier module by coupling the Peltier module to CPU cooling fan 

mounted on a stand (also not shown in Figure 3.5a). We used a CR6 datalogger 

(Campbell Scientific, Logan, UT) to collect data from and power the μTM as well as to 

control the temperature via a Proportional-Integral (PI) control scheme. This 

measurement system could perform measurements at a user-defined temperature 

setpoint. We have achieved steady temperatures as low as 10°C and as high as 37°C for 

an ambient temperature of ~20°C. For this work, we performed all ex-situ measurements 

in this measurement system at 25°C. For more detail on this temperature control system, 

refer to the Supporting Information. 

 

We performed water activity measurements with this measurement system by: 1) 

inserting a commercial PRT (Model: HSRTD, OMEGA Engineering, Inc., Norwalk, 

CT) into the base of the copper cylinder and starting the temperature control system; 2) 

placing a steel sample cup filled with sample into the base of the copper cylinder; 3) 

inserting the μTM into the top of the copper cylinder; and 4) placing the top onto the 

base of the copper cylinder and waiting until the voltage output of the strain gauge 

stabilized (t > 5τ; see Figure 3.7 and the Transients section) 

 

If the μTM had been sitting in liquid water or was just filled, before measuring samples 

of interest, we would expose it in our measurement system to a sample with low water 

activity (potential – e.g., aw ~ 0.95; Ψ ~ -70 bar) for ~6 hours to allow the device and 
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encapsulant to desiccate. 

 

The measurement system in Figure 3.5a allowed us to keep the water within the μTM 

pure by maintaining an air gap between the sensor and sample while minimizing 

temperature differences in a high thermal conductivity copper cylinder.  

 

In-situ 

Here, “in-situ” refers to measurements performed with the sensor submerged or 

embedded in the sample of interest. To enable in-situ measurements of water activity 

with the μTM, we developed a cap to supplement the basic μTM package described 

previously. We made these caps from glass tubing and a hydrophobic separator 

(expanded Polytetrafluoroethylene; we will refer to this as ePTFE) that defines a 

microscopic air gap in its pore space (Figure 3.4a, Figure 3.6). 

We made these caps by:  

1) cleaning cut sections of glass tubing (5/8" OD, 3/32" Wall Thickness, 

McMaster-Carr, Aurora, OH) by sonication in acetone followed by plasma 

cleaning;  

2) gluing an ePTFE disc cut from membrane sheets (PMV10L, Porex, Fairburn, 

GA) to one end of the tube with Gorilla Epoxy (Gorilla Glue Company, 

Cincinnati, OH), placing a layer of glue between the glass and the ePTFE disc 

and a layer atop the ePTFE disc around the edge to prevent peeling; 

3) allowing epoxy to cure for 24 hours at room temperature; 

4) reversibly sealing a cap onto the packaged μTM using Parafilm M (Bemis 

Company, Inc., Oshkosh, WI); and, 

5) placing the capped μTM in a low water potential (activity – aw ~ 0.95; Ψ ~ -7 

MPa) solution for ~6 hours to allow the device and encapsulant to desiccate. 
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(Note: this desiccation was in addition to the desiccation step performed post 

filling.) 

This cap allowed the sensor to be directly submerged in the sample of interest; the 

ePTFE separator resisted the permeation of aqueous solutions, only allowing vapors to 

pass through. This strategy allowed for the purity of the water within the μTM to be 

maintained while making in-situ measurements. 

 

In calibration experiments (Figure 3.7 and Figure 3.9), we used an apparatus based on 

a jacketed glass beaker (schematic in Figure 3.6b and photograph in Figure 3.6c) to 

keep the μTM and sample of interest at a uniform temperature. For in-situ measurements 

of non-liquid samples (Figure 3.10), we embedded the sensor (uncapped) directly into 

the sample.    

We preformed measurements with this apparatus by:  

 

1) moving the capped μTM and a commercial PRT (Model: HSRTD, OMEGA 

Engineering, Inc., Norwalk, CT) into a 50 mL vial of sample in a water-filled 

200 mL jacketed glass beaker (Ace Glass Inc., Vineland, NJ) whose temperature 

was regulated by a circulating water bath (Model: NESLAB RTE-17, Thermo 

Fisher Scientific, Waltham, MA);  

2) agitating the solution using a magnetic stirring plate (Model: PC-410D, Corning 

Inc., Corning, NY); and 
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3) waiting until the voltage output of the strain gauge stabilized (t > 5τ; see see 

Figure 3.7 and the Transients section 

 

Again, we used a CR6 datalogger (Campbell Scientific, Logan, UT) to collect data from 

and power the μTM and commercial PRT.   

 

Calibration equations for strain gauge and thermometer 

Thermometer calibration 

We model the resistance of the on-chip platinum resistance thermometer (PRT) with a 

Figure 3.6: In-situ water activity measurement system. (a) Schematic of in-situ measurement with a 

simplified tensiometer. From within the sample, bulk water within the tensiometer is in equilibrium with 

an unsaturated sample (i.e., Ψc = Ψs). Water is exchanged through a rigid, nano-porous membrane and 

across an air gap defined by a hydrophobic, micro-porous separator (black dashed line). (b) Diagram 

of in-situ measurement system. Temperature‐controlled water is pumped through a jacketed glass 

beaker. A glass sample vial sits within water in the jacketed glass beaker. The glass sample vial 

contains sample stirred by a stir bar. A packaged microtensiometer is suspended within the sample. (c) 

Photo of the apparatus described in (b). 
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modified Callendar–Van Dusen equation75: 

  
(3.2) 

Here, R(T) [Ω] is the PRT resistance as a function of temperature, R25 [Ω] is the PRT 

resistance at 25°C, A [(°C)-1] is the temperature sensitivity of the PRT and T [°C] is the 

temperature. We modified Eqn. 3.2 from the tradition form of the Callendar–Van Dusen 

equation in two ways: 1) we replaced the absolute temperature in centigrade with the 

temperature relative to 25°C to avoid measuring the PRT resistance at 0°C; and, 2) we 

neglected the quadratic term since these data appear linear (see Supporting Information 

for more details). 

 

Strain gauge calibration equation 

As indicated in Figure 2.8b and Eqn. 3.1, difference of the deformed voltage output, 

Vout, and the offset voltage, Vout
0, of the μTM’s strain gauge is directly proportional to 

the sample water potential, Ψs, at equilibrium.  

 

We adapt the following equation from Pagay, et. al.11: 

  (3.3) 

where Vin [V] is the excitation voltage supplied to the strain gauge, SP [V V-1 bar-1] is 

the pressure sensitivity of the strain gauge, ST [V V-1 °C-1] is the temperature sensitivity 

of the voltage offset of the strain gauge, T [°C] is the temperature measured by the 

thermometer on the μTM and  𝑉𝑜𝑢𝑡 𝑉𝑖𝑛⁄  Ψ= ,𝑇=25℃ [V V-1] is the excitation normalized 

voltage output of the strain gauge in equilibrium with pure water (Ψ = 0; aw = 1) at 25°C. 

Note that in  𝑉𝑜𝑢𝑡 𝑉𝑖𝑛⁄  Ψ= ,𝑇=25℃, Vout = Vout
0. Although the pressure sensitivity, SP, can 

be estimated theoretically (see Pagay et. al.11, Eqn. 8), in practice, we determine both 

the pressure and temperature sensitivities empirically (see Temperature calibration and 

𝑅(𝑇) = 𝑅25 1 + 𝐴 𝑇  25°𝐶   
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Strain gauge calibration sections). 

 

As discussed for the thermometer calibration, we use the temperature relative to 25°C 

rather than the absolute temperature in centigrade to avoid requiring measurements to 

be made close to the normal freezing temperature of water (i.e., 0 °C). 

 

Empirical evidence suggests that Eqn. 3.3 adequately captures the temperature 

dependence of the strain gauge (see Supporting Information for details). 

 

Temperature calibration 

We determined the temperature sensitivity of the strain gauge (ST in Eqn. 3.3) and PRT 

(A in Eqn. 3.2) and the PRT resistance at 25°C (R25 in Eqn. 3.2) for the μTM by:  

 

1) placing μTM and the commercial PRT (Model: HSRTD, OMEGA Engineering, 

Inc., Norwalk, CT) in DI water in a temperature-controlled water bath (Model: 

NESLAB RTE-740, Thermo Fisher Scientific, Waltham, MA);  

2) adjusting the bath temperature from 15°C to 35°C in 5°C increments (pausing 

for 45 minutes at each step) while measuring the μTM PRT resistance, strain 

gauge voltage output and the temperature measured by the commercial PRT; 

3) extracting equilibrium values from the time traces for μTM PRT resistance, 

strain gauge voltage output and temperature measured by the commercial PRT 

(see ESI for details); and,  

4) performing an error-weighted least-squares fit (Python function: 

SciPy.Optimize.leastsq, SciPy.org) of Eqn. 3.3 (neglecting Ψ term) to strain 

gauge voltage output as a function of temperature and Eqn. 3.2 to the PRT 

resistance as a function of temperature (see ESI for example calibration curves). 
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Strain gauge calibration 

We determine the pressure sensitivity (SP in Eqn. 3.3) and the voltage offset 

( 𝑉𝑜𝑢𝑡 𝑉𝑖𝑛⁄  𝛹= ,𝑇=25℃ in Eqn. 3.3) of the strain gauge by measuring solutions of known 

water potential in one of the apparatuses described previously (see Systems for 

measuring water activity). 

 

We calibrate the strain gauge by: 

 

1) obtaining activity data from literature for binary solutions of water and the 

following solutes: urea76 (Chem-Impex, Wood Dale, IL), sodium chloride77 

(AMRESCO, Inc. (VWR International, LLC), Cleveland, OH), sucrose77 

(Sigma-Aldrich, St. Louis, MO), and PEG78 (Average molar weight: 1450 g mol-

1; Sigma-Aldrich, St. Louis, MO); 

2) constructing a best-fit polynomial of the activity as a function of solute 

concentration from these literature data such that the solution activity could be 

estimated for any solute concentration within the range of the literature data (see 

Supporting Information for details); 

3) massing solution components using an analytical balance (Model: AL204, 

Mettler-Toledo LLC, Columbus, OH) then mixing until no undissolved solute 

was visible; 

4) placing a packaged μTM (with ePTFE cap for in-situ; without ePTFE cap for 

ex-situ) into position in one of the apparatuses described previously; 

5) exposing the μTM to a solution of known water potential until the strain gauge 

voltage output stabilized to a constant value (see Figure 3.7 and Figure 3.8); 

and 
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6) repeating (5) with a total of 5 solutions to construct a calibration curve (see 

Figure 3.9).  

We also independently verified solution activity with a dew point hygrometer (Model: 

WP4C, METER Group, Inc., Pullman, WA). 

 

Uncertainty analysis 

We used three methods to characterize the uncertainty in the measurements we 

performed: 1) Propagation of error, 2) confidence intervals and 3) prediction intervals. 

We use propagation of errors79,80 to estimate a priori the impact of manufacturer 

reported uncertainties on calculated values. Confidence and prediction intervals81 are 

rigorous statistically methods which characterize uncertainty based on previously 

measured data. Confidence intervals give an estimate of the uncertainty for direct 

measurements and parameters (e.g., slope and intercept in a linear fit) in best fit lines; 

whereas, prediction intervals give an estimate of the uncertainty on the values calculated 

from a best fit line. We will note the method used and the method reported will always 

be the one which gave the largest estimate of the uncertainty.  

 

Results and discussion 

Transients 

Figure 3.7 shows a representative set of calibration transients and a fit to a transient for 

an in-situ calibration. In Figure 3.7a, each transient (like the one shown in Figure 3.7b) 

represents the relaxation of the μTM towards equilibrium with a solution of known 

water activity (potential). The increase in the voltage output prior to each transient is 

the result of the sensor’s exposure to ambient air whose water activity (potential) was 

much lower (more negative) than any of the calibration solutions. The intervals (shown 

in red) indicate the values we averaged to create a calibration curve. The red curve in 
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Figure 3.7b is a fitting of the following equation to the data: 

  (3.4) 

where Δ, τ and C are fitting parameters. Graphically, Δ [mV V-1] represents the total 

change accomplished from the beginning of the transient to the end, τ [min] is the time 

constant for equilibration, and C [mV V-1] is the final value of the transient. We used 

fits like the one shown in Figure 3.7b to determine when the transients were complete. 

We considered transients to be complete when t > 5τ. Mathematically, when this 

condition is met, the value of the voltage output (i.e., 𝑉𝑜𝑢𝑡/𝑉𝑖𝑛) is within 1% of its 

predicted final value (i.e., C). After t > 5τ, we allowed the transient to progress at least 

10 additional minutes. We then averaged the data collected over those 10 minutes. 

 

Figure 3.7: Representative microtensiometer transients and fit to a transient. (a) The strain gauge 

voltage output (i.e., 
𝑽𝒐𝒖𝒕

𝑽𝒊𝒏
) is plotted as a function of time as an in-situ packaged microtensiometer (see 

Figure 3.6) is moved to different calibration solutions. Each plateau represents the equilibrium voltage 

output associated with the sample solution water potential. Samples were aqueous urea solutions 

(molalities, m [mol urea (kg water)-1], of the solutions in order of use: 0 (i.e., DI water), 3.5, 1.8, 0.8, 

4.5, 2.5). The intervals (red) indicate the data points averaged to produce a calibration curve (see 

Figure 3.7). The dashed black box indicates the transient fit to a single exponential on the right.  (b) 

The raw data (blue) from a veined tensiometer (seen in the inset) was fit with a single exponential (red; 

see Eqn. 3.4) using a least-squares algorithm. The parameter τ [min] is the time constant for 

equilibration reported on the plot. The dashed black lines indicate multiples of τ along the progression 

of the transient. 
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Fitting these data to Eqn. 3.4 also allowed us to compare the response times of sensors 

by comparing their time constants (τ). Figure 3.8 shows a representative set of transients 

from a μTM with and without veins in the ex-situ apparatus (shown in Figure 3.5). We 

scaled the strain gauge output from each sensor by the fitting parameters in Eqn. 3.4 so 

that the transients could be visually compared on the same basis. To the data from the 

μTM without veins, we applied a moving average (with a window size of 7) to smooth 

out periodic noise. The μTM with veins reaches equilibrium about 10-fold faster than 

the μTM without veins. This difference in response time can be seen visually in Figure 

3.8. The μTM with veins (data in red) reaches its final value (1 on the y-axis in Figure 

3.8; the dashed black line) after ~20 minutes rather than the ~200 minutes that the μTM 

without veins takes to reach its final value. 

 

We note that there are some fluctuations in the strain gauge output for the μTM with 

veins (the red datapoints) in Figure 3.8. We believe these fluctuations are due to small 

temperature gradients or equilibration of water vapor within the ex-situ apparatus.  
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On average, in-situ calibrations had a characteristic time constant, τ, of 3.0 ± 1.3 minutes 

(n = 54) and ex-situ calibrations had a time constant of 3.9 ± 1.8 minutes (n = 54). The 

time constant of a μTM without veins while making ex-situ measurements was, on 

average, 35 ± 7 minutes (n = 7). This value is consistent with those observed by Pagay, 

et. al.11 The uncertainties we report here are ± 1 standard deviation. 

 

These data suggest that the addition of veins into the porous silicon membrane decreased 

the time constant of our device by about a factor of ten. The time constant we found for 

the veined μTM is comparable to 3 to 4 minutes36 time constant of the chilled mirror 

hygrometer we used as a reference, but slower than the time constants reported for 

psychrometers82 and electrical resistance- or capacitance-based sensors30 which are on 

the order of seconds to minutes. We assume that the reported “response times” are 

equivalent to the time constant, τ, and not the time to reach equilibrium (i.e., ~5τ). We 

Figure 3.8: Representative transients of microtensiometers with and without veins. The strain gauge 

outputs of two microtensiometers (one with (red) and one without (blue) veins) responding to a change 

in water activity (potential) in the ex-situ apparatus (shown in Figure 3.5) are plotted as a function of 

time elapsed since the transient began. We fit Eqn. 3.4 (solid black curves) to both datasets. For 

consistency, we have normalized the strain gauge output (y-axis) by a rearrangement of Eqn. 3.4 using 

the parameters from the fitting of Eqn. 3.4 to the respective dataset. Insets: diagrams representing the 

structure of the porous silicon membrane (like Figure 3.2) and the time constants with uncertainty (± 1 

standard deviation; both time constant and uncertainty are calculated from the fit to these data) for 

each transient; colors correspond to their respective dataset. The microtensiometer with veins reaches 

its final value (1 on the y-axis; the dotted black line) faster than the microtensiometer without veins. 
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note that a time constant on the order of minutes is appropriate for most environmental 

contexts.  

 

We also observed that the time constants of transients where the water activity 

(potential) was being decreased were systematically lower (i.e., sensors responded 

faster) than those when the water activity (potential) was being increased. We do not 

have an explanation for this observed difference; we would expect symmetrical 

response to increasing and decreasing water activity (potential). 

 

Calibrations and benchmarking 

We analyzed datasets like those shown in Figure 3.7a for solutions of different solutes 

in-situ and ex-situ to produce Figure 3.9. For each solute, we collected three datasets 

using the same solutions on three sequential days to evaluate the variability between 

measurements. Data points showed no discernible trend with time of collection. We 

calculated the uncertainty values represented by the plotted error bars on the x- and y-

axis in Figure 3.9 by propagation of errors.  

 

Expected water activity (potential) values (x-axis in Figure 3.9) came from either 

literature estimates or direct measurements with the WP4C, the dew point hygrometer. 

Clusters of points where there is no variation in expected water activity (e.g., the blue 

PEG data points at aw ~ 0.944 (Ψ ~ - 80 bar) in Figure 3.9b) indicate that we estimated 

expected water activity from literature values for these solutions. We used literature 

values for a time while the WP4C was unavailable due to required maintenance.  

 

The strain gauge voltage offsets (i.e.,  𝑉𝑜𝑢𝑡/𝑉𝑖𝑛  when aw = 1 (Ψ = 0) or  

 𝑉𝑜𝑢𝑡/𝑉𝑖𝑛 𝛹= ,𝑇=25℃ in Eqn. 3.3) we measured varied between datasets (e.g., urea in-
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situ, NaCl ex-situ). We note that – although we collected the data in Figure 3.9 with the 

same sensor over the course of six months – all the variations in the offset lie within the 

prediction intervals plotted in Figure 3.9. However, we observe some degree of offset 

drift in these data. For example, the NaCl ex-situ dataset (green points in Figure 3.9a) 

seems to be shifted by some constant offset from the other points on the plot. For this 

reason, we conclude that the offset drift is a significant contributor to the total 

uncertainty. 

 

The pressure sensitivities we found for the updated μTM with a 1 mm x 2 mm 

rectangular diaphragm (-0.0312 mV V-1 bar-1 for ex-situ measurement and -0.0295 mV 

V-1 bar-1 for in-situ measurement from Fig. 7) used in this work are comparable in 

Figure 3.9: Ex-situ and In-situ calibrations of the microtensiometer with various solutes. (a-b) 

Equilibrium strain gauge voltage output readings (averaged plateau values extracted from calibration 

time traces - see Figure 3.7) from ex-situ (a) and in-situ (b) measurements are plotted against the 

corresponding solution water potentials. Water potentials are reported in units of bars (1 bar = 0.1 

MPa ≈ 1 atm) and were either measured with a chilled-mirror hydrometer (model WP4C, Meter Group, 

Pullman, WA) or estimated from literature data (see Strain gauge calibration section). The error bars 

on both the x- and y-axis were calculated by propagation of errors. The line plotted (black) is a best-fit 

to all data points on the plot. The slope of this line represents the pressure sensitivity, SP [mV V-1 bar-1]. 

The grey shaded region indicates the 95% prediction interval denoting expected range of water 

potentials or activities predicted from this linear fitting. The confidence internals indicating the 

uncertainty on the best-fit line are too narrow to be visible on this scale. Inset: diagrams representing 

the method of measurements used in the plot similar to Figure 3.5a and Figure 3.6a. 
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magnitude to the predicted and measured sensitivities of the first generation μTM with 

a circular diaphragm 1 mm in radius (0.038 mV V-1 bar-1 and 0.0447 mV V-1 bar-1). We 

note that 1) the sign of the pressure sensitivity differs between the two works because 

Pagay, et. al.11 used positive gas pressures to calibrate the μTM instead of the water 

potential (activity) of solutions (which by convention has units of negative pressure) we 

used, and 2) the rectangular diaphragm increased the diaphragm sensitivity to area ratio 

by ~10% (from 0.0142 mV V-1 bar-1 mm-2 to 0.0156 mV V-1 bar-1 mm-2).  

 

We note that there is a statistically significant (p < 0.01) difference of about 5% between 

the slopes of the best-fit lines to the ex-situ (Figure 3.9a) and in-situ (Figure 3.9b) data. 

Based on the operating principles, there is no reason that there should be a difference 

between in-situ and ex-situ calibrations. Despite this statistically significant difference 

in slopes, there is a significant overlap between the prediction intervals associated with 

the ex-situ and in-situ data (see Figure 3.13). This overlap of prediction intervals means 

that, for given voltage reading from the μTM, there is no statistical difference between 

calculating the water activity (potential) from the ex-situ or the in-situ best fit lines. In 

other words, the two calibrations are the same within the uncertainty of our 

measurements over the range considered.  

 

Those data points in Figure 3.9 that do not fall on the best-fit line lie within or very near 

the 95% prediction interval (the grey shaded regions in Figure 3.9) we calculated based 

on these data. This quantitatively good agreement between the data we collected and 

the linear model suggests that our approach has successfully satisfied the design 

requirements to accurately measure water activity and that the measured pressure 

sensitivity (Sp in Eqn. 3.3) is not a function of solute identity. The result is consistent 

with the theory presented in the Tensiometry section. 
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Uncertainty in water activities calculated from calibrations 

As we alluded to previously, we can estimate the uncertainty in the values we calculate 

from use of the calibrations presented in Figure 3.9 by two methods: propagation of 

errors and prediction intervals. From propagation of errors, we estimate an uncertainty 

of ~ ± 0.7 bars for water potentials calculated from the ex-situ calibration and ~ ± 1 bar 

for water potentials calculated from the in-situ calibration. From a prediction interval 

approach, we estimate an uncertainty of ~ ± 5.5 bars for water potentials calculated from 

the ex-situ calibration and ~ ± 4.6 bars for water potentials calculated from the in-situ 

calibration. These uncertainties have been rounded to the nearest 0.1 bar. Since our 

approach to propagation of errors only accounts for uncertainties reported by the 

manufacturers of our measurement equipment, the discrepancy between the results 

calculated from these approaches suggests experimental uncertainties – rather than 

uncertainties from our measurement equipment – are the dominant source of variability 

in our measurements. We, therefore, use a prediction interval to estimate uncertainties 

on water potentials (activities) calculated from calibrations like those presented in 

Figure 3.9.  

 

Impact of the psychrometric effect  

The psychrometric effect should manifest as a constant offset in the measured water 

potential for a given measurement system. This offset is a function of the ΔTPE (Eqn. 

2.14) associated with the apparatus, not the water potential of the sample (Ψs). In terms 

of Eqn. 3.3, this conclusion means that, for a given ∆𝑇𝑃𝐸, the psychrometric effect 

changes the measured value of the offset,  𝑉𝑜𝑢𝑡/𝑉𝑖𝑛  Ψ= ,𝑇=25, not the pressure 

sensitivity, SP. 

 

As we mentioned previously, we observe some variation in the strain gauge offset (see 
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Figure 3.8 and comments in Transients section). However, we cannot deconvolve the 

impact of the psychrometric effect from other factors with may impact the offset we 

measured. Variations in the offset voltage could be due to some combination of the 

following factors: 1) the presence of solute in the μTM cavity, 2) drift in the resistance 

of the piezoresistors of the strain gauge, 3) changes in contact resistance between μTM 

and printed circuit board (PCB), or, 4) changes in contact resistance between the PCB 

and the corrector. In collecting the data we presented in Figure 3.9, we had to refill the 

μTM several times due to cavitation. We expect that exposing a μTM to the high-

pressure water inherent to the filling process may cause changes in contact resistance 

and thus, the strain gauge offset. 

 

We note that the temperature data (i.e., the temperature readings from the μTM and the 

commercial PRT) collected along with the data we present in Figure 3.9 (not shown) 

do not suggest that there was a measurable temperature difference. The values of  ∆𝑇𝑃𝐸 

we measured were not different from zero within uncertainty. 

 

Water activity measurements.  

Having calibrated the μTM and demonstrated its reproducibility in simple aqueous 

solutions, we turn using the μTM to perform ex-situ and in-situ measurements of water 

activity (potential) on complex aqueous samples. Figure 3.10 shows the results from 

water activity (potential) measurements we made on foods and cell culture media. These 

substances represent a diversity of chemical compositions and phases. We performed 

the ex-situ measurements in the ex-situ measurement system we described previously 

(see Figure 3.5), but we did not use the in-situ measurement system (water-jacketed 

beaker in Figure 3.6) to make the in-situ measurements. Instead, we preformed the 

mozzarella cheese measurement on a benchtop in a block of mozzarella, newly 
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unwrapped and removed from refrigeration and we measured the E. Coli culture in a 

shaking incubator.  

 

We measured the water activity of all samples at 25°C except for the E. Coli culture we 

measured at 37°C, the standard cell culture incubator temperature.  

 

The error bars plotted for the μTM are calculated from the prediction intervals presented 

in Figure 3.10 and the error bars for the WP4C data come from the manufacture 

specifications (see Supporting Information for details). Generally, there is good 

agreement between measurements made with the μTM and the WP4C. Visually, this 

agreement is seen in the overlap of the error bars plotted in Figure 3.10.  

 

We note that we observed a significant difference (the error bars do not overlap) in 

measurements of the E. Coli culture. This difference could be due to differing 

psychrometric effects between the in-situ measurements made with the μTM and ex-situ 

measurements performed with the WP4C. The higher water activity (potential) relative 

to the WP4C measured by the μTM in the E. Coli culture could be due to the μTM being 

at a lower temperature than the culture. This temperature difference could be a result of 

the influence of the room temperature on the μTM due to poor insulation or the thermal 

conduction through the electrical leads. However, this conjecture seems unlikely. If this 

higher water activity (potential) measurement relative to the WP4C was due to the μTM 

being at a lower temperature, we would expect the other in-situ measurement which was 

performed in a cold block of cheese would be lower than the WP4C measurement. We 
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are, therefore, unsure why these measurements differ to this extent. 

 

To our knowledge, these measurements in foods and E. Coli culture are the first time 

tensiometry has been applied to these contexts. Further, to our knowledge, there are no 

sensors described in the literature or commercially available capable of making in-situ 

water activity (potential) measurements. Therefore, our results suggest that the μTM is 

Figure 3.10: Application of the microtensiometer to measure water activity. Measured water potential 

(left axis) and activity (right axis) with the microtensiometer (blue) and a chilled mirror hygrometer 

(model: WP4C) (red). The error bars shown on the microtensiometer data are from the 95% prediction 

interval based on calibration data (See Figure 3.9). The error bars on the WP4C data come from the 

specifications provided by the manufacture. Measured water potentials were used to calculate water 

activities using Eqn 3. We performed ex-situ measurements on orange juice, cheddar cheese, bread and 

mustard measurements at 25°C. We measured the water potential of mozzarella cheese in-situ on the 

benchtop immediately after removing the cheese from refrigeration. We measured the water activity of 

an active E. Coli culture in-situ in a shaking incubator at 37°C. Inset: images corresponding to the 

samples measured. (photo credit: Orange Juice – Marco Verch via flickr.comCC BY 2.0; Shreaded cheddar 

cheese – Roxanne Ready via flickr.comCC BY-SA 2.0; Wheat bread – Famartin via commons.wikimedia.org 

CC BY-SA 4.0; Dijon mustard – Rainer Zenz via commons.wikimedia.org CC BY-SA 3.0 US; Mozzarella cheese – 

Rebecca Sigel via flickr.com CC BY 2.0; E. Coli culture – Rainis Venta via commons.wikimedia.org CC BY-SA 

3.0 US) 
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a first-of-its-kind probe-type sensor for in-situ water activity (potential) measurements. 

The robust, reproducible water activity (potential) measurements made by the μTM, 

both ex-situ and in-situ, make it a uniquely versatile tool for use in complex aqueous 

samples.   

 

We note that, in principle, psychrometers should be able to perform in-situ 

measurements in samples like the ones we measured. In-situ psychrometers are used in 

plant and soil contexts65, but have not been applied in foods, culturing cells or aqueous 

solutions. The lack of such measurements in the literature suggests that there may be 

outstanding technical challenges associated with use of in-situ psychrometers in these 

environments. We suspect these challenges are related to the difficulty of performing 

the precise temperature measurements required by psychrometry in environments with 

varying thermal properties (i.e., heat transfer to and from the psychrometer). 

 

Conclusions 

In summary, we have presented methods and packaging which allow a MEMS 

tensiometer called the μTM to perform water activity measurements on a wide variety 

of samples. Exploiting capillarity and water under tension, the μTM measures water 

activity as a difference in pressure between a volume of pure water within the 

tensiometer and the ambient pressure. Due to its increased range (1 < aw < ~0.93) 

compared to conventional tensiometer (1 < aw < ~0.999), we demonstrate that the μTM 

can be used to make water activity measurements across a variety of contexts previously 

inaccessible to tensiometry. Its small size and microfabricated design enable the μTM 

to be a versatile sensor for making in-situ as well as ex-situ measurements of water 

activity (potential). We demonstrate that the μTM can make accurate in-situ 

measurements on samples relevant to food (e.g., cheeses, breads, juices) and 



 

76 

 

biotechology (e.g., cell cultures) industries. To our knowledge, the μTM represents a 

first-of-its-kind in-situ probe for water activity measurement.  

 

The packaging strategies we developed allow for the sensor were successful in: 1) 

allowing accurate, stable and reproducible measurement of water potential in a variety 

of applications; 2) providing chemical, mechanical and electrical protection for our 

MEMS chip; and 3) promoting full thermal and mass equilibrium between the μTM and 

sample. 

 

In our work with these packaging and measurement methods, we have identified several 

areas that would benefit from further development such as:  in ex-situ measurements, 1) 

actively controlling μTM temperature as well as sample temperature to better manage 

psychrometric effects, 2) increase the diameter of the copper used in the ex-situ 

measurement system to allow for better thermal contact between top and base, and 3) 

designing a system which enabled faster changing of samples; and, in in-situ 

measurements, 1) improving temporary (or implementing permanent) sealing of ePTFE 

caps to packaged μTM to avoid leakage which can occur and ensuring the packaging 

material can exclude ionic solutes (e.g., NaCl), 2) refining basic packaging methods for 

the μTM to provide more uniform results.  
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Supporting Information 

Ex-situ measurement system temperature control system 

Control circuit 

To control the temperature of the ex-situ apparatus, we used a Peltier module in a 

Proportional-Integral (PI) control scheme. We found that the we could control the 

system well without using the derivative portion of a full Proportional-Integral-

Derivative (PID) control scheme.  

 

Figure 3.11 shows a schematic of the control circuit we used. Briefly, a Peltier module 

is a junction of dissimilar metals that liberates heat on one side and absorbs heat on the 

other when current is passed through the junction. The side that absorbs or liberates heat 
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can be selected by changing the direction of current flow through the junction. We 

coupled a Peltier module (model: TEC1-12706, Hebei I.T. (Shanghai) Co., Ltd., 

Shanghai, China; T1 in Fig. S1) to a CPU fan (model: NT07-115X, SilverStone 

Technology Inc., Chino, CA) modified to be free standing. This CPU fan dissipated or 

collected heat based on the demands of the temperature control system. We always left 

the fan on while operating the system; we did not vary the fan speed.  

 

To implement temperature control with a Peltier module, we needed to control two 

aspects of the powering of the module: 1) the power delivered and 2) the direction of 

current. We accomplished each of these tasks with a relay. To control the power 

delivered, we used a solid-state single-pole single-throw (SPST) relay (part number: 

CN024D05, Crydom, San Diego, CA; RY2 in Figure 3.11). We used a solid-state relay 

rather than an electromechanical relay to withstand the high number of operations 

necessary in a pulse width modulation (PWM) powering scheme (see Controller logic 

section). To control the direction of current, we used a double-pole double-throw 

(DPDT) relay (part number: EC2-5NU, Kemet, Simpsonville, SC; RY1 in Figure 3.11). 

We powered the circuit with an external power source (model: TOL-11296, SparkFun 

Electronics, Niwot, CO) to provide a higher current (2 A) than the CR6’s 12 V power 
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supply could provide.  

 

Controller logic 

We controlled the control circuit with the CR6 datalogger. We implemented a pulse 

width modulation (PWM) scheme with relay RY2 in Figure 3.11 to control the power 

delivered to the Peltier module. In PWM, a duty cycle determines how long the output 

is high (i.e., 5 V; the relay closes and electrical current flows) or low (i.e., 0 V; the relay 

is open and no electrical current flows). The duty cycle is represented as a decimal 

between 0 and 1 representing the fraction of time the output is high. We determined the 

Figure 3.11: Control circuit for Peltier module-based temperature control system. The Peltier module 

(T1) is powered by a 12 V power supply (represented here as a battery) when the single-pole single-

throw (SPST) relay (RY2) is closed. The direction of the current delivered by the 12 V power supply is 

determined by a double-pole double-throw (DPDT) relay (RY1). The relays are controlled 

independently by the contoller. 
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duty cycle, d [-], using a velocity form of a PI control algorithm (Eqn. 3.5) based on the 

temperature error calculated at each execution of the control program. 

  (3.5) 

where 

  (3.6) 

Here, KP [(°C)-1] is the proportional constant, ei [°C] is the error in the temperature, KI 

[(°C)-1] is the integral constant, T [°C] is the temperature and Tsp [°C] is the user-defined 

temperature set point. The subscript i indicates value for the current time step and i-1 

indicates value the previous time step.   

 

In this implementation, we restrict the duty cycle, d, to integer values between 0 and 

100 to prevent actuating the relay faster than its specifications would allow. When the 

absolute value of the duty calculated by Eqn. 3.5 exceeded 100, we programmatically 

set the duty to 100, retaining its sign. We used the sign (e.g., + or -) of d to determine 

the direction of current. We controlled the direction of the current by switching a DPDT 

relay (RY1 in Figure 3.11) using the CR6’s digital (0 or 5 V) output based on the sign 

of d. We used the absolute value of d as the duty given to the PWM command on the 

CR6. 

 

The full code used to collect all the data presented in this chapter can be found in the 

Appendix. 

 

System parameters and performance 

For our system, we found that we could control the temperature within ± 0.01°C using 

KP = 100, KI = 5 and initializing ei-1 = 0. We did not test the full range of the system, 

but we could operate stably from a range of 10°C to 40°C with an ambient temperature 

𝑑𝑖

100
=  

𝑑𝑖 1

100
+ 𝐾  𝑒𝑖  𝑒𝑖 1 + 𝐾𝐼𝑒𝑖  

i. 𝑒𝑖 = 𝑇𝑖  𝑇𝑆 , 𝑖  
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~20°C. 

 

Sample temperature calibration 

In the main text of the chapter, we conclude that the calibration equation for the strain 

gauge (Eqn. 3.3) adequately captures the temperature-dependence of the strain gauge 

on the microtensiometer (μTM). We also suggest that the quadratic temperature term of 

the Callendar–Van Dusen equation can be neglected because the platinum resistance 

thermometer (PRT) on the μTM is linear over the temperature range used in this work. 

To support these claims, we present the temperature calibration data in Figure 3.12. We 

collected these data as described in the Temperature calibration section in the main text. 

We calculated the error bars using propagation of errors (see Uncertainty Analysis for 

details). These data suggest that the PRT resistance and strain gauge voltage output are 

directly proportional to the temperature of the chip, supporting the claims we made in 

the main text of the chapter. 
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Extraction of values from time traces 

In this work, we are often interested in obtaining a reasonable estimate of the 

equilibrium value of some variable (e.g., resistance, voltage, temperature, pressure). 

Before the variable of interest reaches its equilibrium value, the variable goes through a 

transient. A common and often sufficient mathematical model is to treat the transient as 

a first order process as described mathematically by Eqn. 3.4 in the main text of the 

chapter. We explain in the main text that fitting data to Eqn. 3.4 allows us to extract 

time constants and compare the response times. In principle, Eqn. 3.4 could also be used 

to extract equilibrium values as well. However, we did not employ fitting as an approach 

to extracting equilibrium values for the following reasons: 

 

1) When we fit Eqn. 3.4 to some datasets, the equilibrium values predicted the fit 

Figure 3.12: Example temperature calibrations of the microtensiometer strain gauge offset and 

platinum resistance thermometer. (a-b) The strain gauge voltage output (a) and the resistance of the 

platinum resistance thermometer (b) of a microtensiometer (μTM) are plotted as a function of 

temperature. We performed these measurements with the μTM and a reference thermometer. The data 

points (blue) all sit on the best fit line (red; given by Eqn. 3.3 in the main text for (a) and Eqn. 2.6 in the 

main text for (b)) within error. We calculated the uncertainties represented by the error bars plotted by 

propagation of errors (see Uncertainty Analysis section). 
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visually, under or over predict the equilibrium value suggested by the data. We believe 

this discrepancy between the predicted and apparent equilibrium values to be due to 

uncontrolled variations in experimental conditions, principally in temperature.  

 

2) The values obtained are dependent on the subset of the transient considered. The end 

of a transient is easy to visually identify when the data are plotted. However, 

determining the beginning of a transient is more complex. There are experimental 

artifacts (e.g., the rapid decrease in measured water potential when the microtensiometer 

is exposed to dry ambient air) which complicate the determination of the starting point 

of a transient. Thus, fitting introduces an undesirable degree of subjectivity to the 

extraction of equilibrium values. 

 

For these reasons, all the equilibrium values we reported in this work are averages of 

the end of the transient. We define the end of a transient as the last point before the 

absolute value of the derivative of the variable of interest with respect to time increases 

due to the system being perturbed. We average the last 30 datapoints collected before 

this datapoint. 

 

Uncertainty analysis  

Manufacturer reported uncertainties 

CR6 measurements 

Voltage excitation. The CR6 manual reports uncertainty in voltage excitations 

performed between 0°C and 40°C to be ± (0.1% of the setting + 1.2 mV). Since all the 

measurements reported in the main text were performed within this temperature range 

at 500 mV, the uncertainty in the voltage excitation, 

  (3.7) 
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To be consistent with the main text, the excitation voltage will be represented as Vin, the 

voltage input to the strain gauge.  

 

Voltage measurements. The CR6 manual reports uncertainty on differential voltage 

measurements performed between 0°C and 40°C with excitation reversal to be ± (0.02% 

of the voltage measurement + range dependent offset). Mathematically,  

  (3.8) 

The range dependent offsets and the sensors that operate in each range are given in 

Table 3.1. 

Table 3.1: Sensors and the CR6 measurement ranges used to measure them 

Sensor(s) operating in range 
Range 

[mV] 

Offset 

eV0 [mV] 

Commercial PRTs ±200 0.003 

Strain gauge ±1000 0.010 

µTM PRT ±5000 0.040 

Because of the resistances of the sensing circuits and the voltages used to power them, 

we use all three ranges of the CR6.  

 

Mass measurements 

All masses measured in this work were measured with a Mettler Toledo AL204 

analytical balance. The manual for this balance states that the uncertainty in masses 

measured,  

  (3.9) 

 

𝑒            
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Chilled mirror hygrometer measurements 

The company that makes the WP4C, METER Group, Inc. (formerly Decagon Devices) 

reports that the WP4C has an uncertainty on water potential measurements of ± 0.05 

MPa from 0 to -5 MPa and ±1% of the measurement from -5 to -300 MPa. However, 

the calibration standards provided by the company have an uncertainty of ±0.1 MPa. 

Therefore, we estimate the uncertainty of the WP4C to be the sum of the reported 

uncertainty and 0.1 MPa. 

 

Commercial platinum resistance thermometer measurements 

All the commercial PRTs we used in this work comply with IEC 60751 accuracy class 

A. This standard estimates the uncertainty in temperature measurements from class A 

sensors to be: 

  (3.10) 

where 𝑒𝑇𝑐𝑙𝑎𝑠𝑠 𝐴
 [°C] is the uncertainty in a temperature measurement made by an IEC 

60751 accuracy class A thermometer and T [°C] is the temperature of interest. 

 

Uncertainties calculated by propagation of errors 

Comments on propagation of errors 

For clarity, we will define the propagation of errors procedure since we apply the 

procedure repeatedly in this section. Let f be a known function of n parameters, x1, x2, 

…, xi, …, xn, of whose values we are uncertain. The uncertainty in the calculated value 

of f is given by:  

  (3.11) 

where ef is the uncertainty in the calculated value of f, 𝑒𝑥𝑖
 is the uncertainty in the 

parameter xi and 
𝜕𝑓

𝜕𝑥𝑖
|
𝑥1,𝑥2,…,𝑥𝑖

 is the partial derivative of the function with respect to xi 

evaluated for the values of x1, x2, …, xi, …, xn. Eqn. 3.11 is the classic formula for error 
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propagation which assumes that all xi are independent.  

 

In the case where some xis are correlated (e.g., when some xi are fitting parameters), an 

additional summation of terms must be added to Eqn. 3.11: 

  (3.12) 

where Cov(xi,xj) is the covariance between xi and xj.  

 

In this work, we will assume that all parameters are independent and use Eqn. 3.11 for 

error propagation unless some parameters in the propagation are fitting parameters. In 

this case, we use Eqn. 3.12 to propagate errors. 

 

Resistance measurements 

The CR6 preforms resistance measurements by exciting the circuit of interest with a 

user-defined constant current and measuring the resulting voltage drop. The resistance 

of the circuit of interest is then calculated from the known current and measured voltage 

drop using Ohm’s Law. Mathematically, 

  (3.13) 

where R [Ω] is the resistance of the circuit, Vout,PRT [V V-1] is the voltage measured 

across the circuit and Iex [A] is the excitation current.   

 

To reduce uncertainties, the CR6 measures the excitation current by measuring the 

voltage across an internal reference resistor. Therefore, the result of a resistance 

measurement, R [Ω], made with the CR6 is mathematically given by: 

  (3.14) 
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where Rref [Ω] is the resistance of the internal reference resistor, Vout,PRT [V] is the 

voltage measurement across the PRT and  Vout,ref [V] is the voltage measurement across 

the reference resistor.  

Applying propagation of errors, the uncertainty in resistance measurements is given by 

  (3.15) 

where all the partial derivatives are taken of Eqn. 3.14.  

 
 (3.16) 

 
 (3.17) 

 
 

(3.18) 

Eqn. 3.13 has been applied to these partial derivatives (Eqns. 3.16 - 3.18) to eliminate 

the need to calculate Vout,ref. The uncertainties for the measured voltages (i.e., Vout,PRT 

and Vout,ref) are given by Eqn. 3.8. The CR6 manual reports the uncertainty for the 

resistance of the internal reference resistor as: 

  (3.19) 

For typical room temperatures, the temperature dependent term can be neglected and 

eRref = 0.01 Ω. 

 

Strain gauge output measurements 

The strain gauge output measurements we present are normalized by the excitation 

voltage to minimize the uncertainty due to variations in the excitation voltage. To 

calculate the uncertainty in the strain gauge output, we apply propagation of errors: 
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(3.20) 

where all the partial derivatives are taken of 𝑉𝑜𝑢𝑡/𝑉𝑖𝑛 (Eqns. 3.21 & 3.22). 

 
 

(3.21) 

 
 

(3.22) 

Expressions for eVout (Eqn. 3.8) and eVin (Eqn. 3.7) have already been given. 

 

Microtensiometer on-chip platinum resistance thermometer measurements 

As presented in the main text, we use a modified form of the Callendar-Van Dusen 

equation (Eqn. 11 in the main text) to calculate a temperature from a measured platinum 

resistance thermometer (PRT) resistance. We use propagation of errors to estimate the 

uncertainty in these calculated temperatures: 

 
 

(3.23) 

where all the partial derivatives (Eqns. 3.24 - 3.26) are taken of Eqn. 3.2 in the main 

text of the chapter after rearranging it to solve for the temperature, T, explicitly. 

 
 

(3.24) 

 
 (3.25) 

 
 (3.26) 
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We calculated eR from Eqn. 3.15. We obtained the uncertainties on the fitting parameters 

(i.e., A and R25) and their covariance as an output from the fitting procedure (Python 

function: SciPy.Optimize.leastsq, SciPy.org).   

 

Molalities calculated from mass data 

By definition, the molality is the moles of a solute per kilogram of the solvent. As in the 

main text of the chapter, for simplicity, we will assume that the solvent is water. Eqn. 

3.27 gives an expression for the molality of species i in terms of the mass of water, Mw 

[g], and species i, Mi [g]: 

  (3.27) 

We use propagation of errors to estimate the uncertainty in a calculated molality based 

on the uncertainty of the analytical balance we used: 

 
 

(3.28) 

where all the partial derivatives (Eqns. 3.29 & 3.30) are taken of Eqn. 3.27. 

 
 

(3.29) 

  (3.30) 

The value of eM is given by Eqn. 3.9. 

 

Mass fractions calculated from mass data 

The mass fraction of a solute i is defined as: 
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 (3.31) 

where wi [-] is the mass fraction of solute i in the solution. 

We calculate the uncertainty in wi using the following equation:   

 
 

(3.32) 

where eM is given by Eqn. 3.9 and the partial derivates (Eqns. 3.33 & 3.34) are taken of 

Eqn. 3.31. 

 

 
 (3.33) 

 
 

(3.34) 

The value of eM is given by Eqn. 3.9. 

 

Activity information from literature data 

As mentioned briefly in the Strain gauge calibration section for the main text, we 

constructed best-fit polynomials to relate activity information reported in the literature 

to solution composition. This approach allows us to estimate the activity of a solution 

of any composition within the range of the data reported in the literature. All the papers 

we reference in the Strain gauge calibration section use either the osmotic coefficient 

or water activity. Since both parameters should be unity for pure water, we chose these 

polynomials to be of the form: 

 
 

(3.35) 
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where y is either osmotic coefficient or water activity and x is some composition related 

parameter (e.g., molality, weight fraction) and the parameters ai are the fitting 

parameters. We chose n such that the degree of the best-fit polynomial was as low as 

possible to provide a reasonable visual fit to the dataset over the necessary range of 

composition.  

 

None of the papers from which we gathered data on solution activity included a 

description of the uncertainties associated with their measurements. Instead, we 

estimated that the reported data was accurate to within ±5 of the last reported digit. 

These estimated uncertainties were included in the fitting routine such that the resulting 

fit parameters (the ais in Eqn. 3.35) included information about the uncertainties of the 

literature data. 

 

We estimate the uncertainty in the activities we calculate with these polynomials using 

propagation of errors.  

 

 
(3.36) 

where all the partial derivatives (Eqns. 3.37 & 3.38) are taken of Eqn. 3.35. 

 
 

(3.37) 

  (3.38) 

We estimate the uncertainty in our calculated solution composition variable using 

propagation of errors. In the case of molalities, we use Eqn. 3.28. In the case of mass 

fractions, we use Eqn. 3.32. We obtained the uncertainties on the fitting parameters (i.e., 
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ais) and their covariance as an output from the fitting procedure (Python function: 

SciPy.Optimize.leastsq, SciPy.org).   

 

Water activities calculated from osmotic coefficients  

As mentioned previously, several of the papers from which we collected solution water 

activity information used the osmotic coefficient to capture this information. To convert 

these data into water activity, we used the definition of the osmotic coefficient (Eqn. 

3.39), ϕ [-]. 

 
 (3.39) 

where aw [-] is the water activity, v [-] is the number of particles (e.g., ions) the substance 

forms in solution, m [mol solute (kg water)-1] is the molality of the solution, and (MW)w 

= 18.02 g mol-1 is the molecular weight of water.  

 

We use propagation of errors to calculate an uncertainty in the water potential 

calculated: 

 
 

(3.40) 

where all the partial derivatives (Eqns. 3.41 & 3.42) are taken of Eqn. 3.39, rearranged 

to solve for the water activity explicitly. 

 
 (3.41) 

 
 (3.42) 

We calculate the uncertainty in the molality using Eqn. 3.28 and the uncertainty in the 
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osmotic coefficient using ±5 of the last reported digit from the literature source (all 

sources reported in the main text; see Strain gauge calibration section). 

 

Water potentials calculated by the microtensiometer 

We use Eqn. 3.3 in the main text to calculate a water potential from the strain gauge 

voltage output and on-chip platinum resistance thermometer measurements of a 

microtensiometer. Using propagation of errors, we can estimate the uncertainty in a 

calculated water potential using Eqn. 3.12: 

 
 

(3.43) 

where 

 

 
(3.44) 

 
 (3.45) 

 

 
(3.46) 

 

and all the partial derivatives (Eqns. 3.47 - 3.51) are taken of Eqn. 3.3 in the main text 

of the chapter rearranged to solve for the water potential explicitly. 

 
 

(3.47) 

 

 
(3.48) 
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 (3.49) 

 
 (3.50) 

 
 (3.51) 

We obtain estimates of 𝑒 𝑉𝑜𝑢𝑡/𝑉𝑖𝑛 Ψ=0,𝑇=25℃
, 𝑒𝑆𝑇

, 𝑒𝑆P
, and their covariances from the 

fitting procedure we used to obtain these calibration values (Python function: 

SciPy.Optimize.leastsq, SciPy.org). We calculate 𝑒 𝑉𝑜𝑢𝑡/𝑉𝑖𝑛 Ψ=0,𝑇=25℃
 with Eqn. 3.20 

and 𝑒𝑇 with Eqn. 3.23. 

 

Prediction intervals 

Prediction intervals for ex-situ and in-situ calibrations 

In the main text, we suggest that there is no statistical difference between water activities 

(potentials) calculated with the ex-situ and in-situ calibrations we present in Figure 3.9. 

To support this claim, we present Figure 3.13 which replots the ex-situ and in-situ 

calibrations and their 95% prediction intervals (PIs) on the same plot. The PIs in Fig. 

S3 show significant overlap (at least 50%) over the entire range we measured. This 

overlap means that a water activity (potential) calculated from one curve can not be 

statistically distinguished from a value calculated using the other curve. For this reason, 

we suggest that our calibrations are the same within error.  
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Figure 3.13: Prediction intervals from ex-situ and in-situ calibration data. The best-fit lines to the 

calibration data presented in Fig. 7 in the main text are replotted on the same axes. The prediction 

intervals for the ex-situ (blue) and in-situ (red) data are plotted as well. These prediction intervals 

overlap nearly completely over the whole range (0 bar ≤ Ψ ≤ -100 bar). 
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CHAPTER 4 

THE MICROTENSIOMETER AS A MICROLABORATORY FOR STUDYING 

OSMOTIC TRANSIENTS 

 

Introduction 

Membrane processes are ubiquitous in natural and technological contexts. In biology, 

lipid bilayers regulate cellular environments, allowing small polar and non-polar 

molecules (e.g., oxygen, carbon dioxide, water), and large non-polar uncharged 

molecules (e.g., steroids) to diffuse through while excluding ions (e.g., H+, Na+, K+) and 

larger polar uncharged molecules (e.g., glucose)91. To facilitate the passage of 

molecules and ions which are typically unable to cross lipid bilayers, nature has 

developed a diversity of transmembrane proteins which allow these molecules to cross 

lipid bilayers by passive (i.e., free diffusion) or active transport91. Membrane processes 

play a role in abiotic processes as well. For example, theories suggest that anomalous 

pressures in some rock formations could be a result of salt filtering and osmosis with 

the rock itself acting as a membrane92,93. Since the 1960s, membrane-based technologies 

have become increasingly common94. For example, filtration has become a popular 

choice for separating particulates like colloidal particles and bacteria (by 

microfiltration) and even proteins and viruses (by ultrafiltration) from fluids. In water 

purification, reverse osmosis membranes can achieve salt rejections of >95%. In 

dialysis, urea and other low molecular weight waste products in blood are removed by 

diffusion across a hollow fiber membrane which does not permit the passage of cells 

out of the blood. Industrially, mixtures which are difficult to separate by distillation 

(e.g., ethanol/water) can be separated by pervaporation (i.e., diffusion of the 

components of a liquid mixture through a membrane before evaporating into a dilute 

vapor phase).  



 

97 

 

Despite the broad relevance of membrane processes, outstanding technological 

challenges and fundamental questions remain. Technologically, there is a need for: 1) 

more mechanically, chemically, and thermally robust membranes, 2) a clearer 

understanding of how promising laboratory membranes (on the order of cm2) can be 

scaled to industrial membrane areas (on the order of 1000 m2), and 3) laboratory 

membrane evaluations which more closely mimic real applications with complex 

mixtures95. Fundamentally, there is a need for a better understanding of: 1) the 

thermodynamic and transport properties of water, ions and other dissolved chemical 

species at the pore-scale, 2) how to tailor membrane structure to control transport, 3) 

trade-offs between high selectivity and high permeability, 4) multi-scale models which 

can elucidate membrane performance, and, 5) methods to identify promising new 

materials.95 

 

In this chapter, we address the challenge of understanding the pore-scale phenomena 

which govern transport through porous membranes with well-defined pore structure. To 

address this challenge, we will examine osmotic transients – the spontaneous movement 

of the chemical components of a liquid solution (i.e., solvent and solutes) across a 

membrane during osmosis – in the context of permeable membranes.  

 

In osmotic contexts, membranes are broadly categorized as either semi-permeable or 

permeable with respect to a given solute. Figure 4.1 illustrates osmosis in a u-tube 

osmometer with a semi-permeable (Figure 4.1a) and permeable membrane (Figure 

4.1b). A semi-permeable membrane is an ideal limit where the membrane completely 

excludes the solute and allows only solvent to flow through the membrane; in contrast, 

a permeable membrane allows the passage of both solvent and the solute. The degree to 

which a membrane behaves as semi-permeable or permeable with respect to a given 
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solute is captured by the reflection coefficient, σ [-]. For a semi-permeable membrane, 

σ = 1 and for a permeable membrane, σ < 1. As we will discuss later (see Principles of 

osmosis), semi-permeable and permeable membranes exhibit different transient 

dynamics and equilibrium states.  

 

While examples of osmotic transients for both semi-permeable and permeable 

membranes exist in the literature (see Literature review), to our knowledge, there is no 

published work which connects osmotic transients to existing pore-scale theories of 

osmosis.  

 

Figure 4.1: Osmosis in u-tube osmometers with semi-permeable and permeable membranes. (a-b) In a 

u-tube osmometer, a membrane separates two liquid reservoirs. Initially, the osmometer is filled with 

equal volumes of pure water on the left-side and an aqueous solution on the right-side of the 

osmometer. a) An osmometer with a semi-permeable membrane is shown at equilibrium. The water on 

the left-side remains pure and the osmotic pressure of the solution, Π [Pa], is the hydrostatic pressure 

exerted by the solution between the top of the solution column and the top of the water column (i.e., ρgh 

where ρ [kg m3] is the density of the solution, g = 9.81 m s-2 is the rate of acceleration due to gravity 

and h [m] is the height of the liquid column between the red dashed lines). b) An osmometer with a 

permeable membrane is shown in a transient state. During the transient, solutes contaminate the 

initially pure water on the left-side, making the liquid phase on that side a dilute solution. The apparent 

osmotic pressure of the solution, Π*(t)= ρgh(t), is the hydrostatic pressure exerted by the solution 

between the top of the solution column and the top of the water column.  The apparent osmotic 

pressure, Π*(t), can never be greater than the osmotic pressure of the solution, Π (i.e., Π*(t) ≤ Π for all 

t). 
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To this end, we will present new osmotic transient data and a theoretical framework to 

describe this data in the contexts of existing pore-scale theories of osmosis. We collect 

this osmotic transient data with microelectromechanical system (MEMS) osmometer, a 

microtensiometer (Figure 4.2a & Figure 3.2; henceforth, referred to as μTM) which 

Figure 4.2: Perspectives on the microtensiometer as an osmometer. (a) The microtensiometer (μTM) as 

an osmometer with a permeable membrane. A μTM initially  filled with pure water is exposed to an 

aqueous solution. Solutes contaminate the pure water inside the μTM, making it a dilute solution. The 

volume of water transferred to the solution by the μTM is small relative to the volume of solution such 

that the solution remains undiluted. The apparent osmotic pressure of the solution, Π*(t), is the 

difference in pressure across the diaphragm of the μTM (i.e., ΔPc(t) = Pc(t) – P0 where Pc(t) [bar = 0.1 

MPa ~ 1 atm] is the pressure in the cavity of the μTM at time, t, and P0 [bar] is the ambient pressure 

and the pressure of the solution outside the μTM). The deflection of the μTM’s diaphragm from its 

neutral position (the top red dashed line) to a deformed position (the bottom red dashed line) causes the 

voltage output from the strain gauge of the μTM to change from Vout
0 [mV V-1] to Vout [mV V-1]. This 

change in voltage (Vout – Vout
0) is directly proportional to ΔPc(t). (b) A circuit model of the μTM in 

solution. The direction and magnitude of the dynamic volumetric flow in the circuit, Q(t) [m3 s-1] (blue 

arrow), is determined by the hydraulic capacitor, C [m3 Pa-1], and hydraulic resistor, R [Pa s m-3], and 

pressure differences on both sides of the resistor: ΔPc(t) and ΔPm(t). ΔPm(t) drives the flow so it is 

shown as the battery in the circuit. ΔPm is a function of time, t, the initial difference in osmotic pressure, 

ΔΠ0, the reflection coefficient, σ, and three time constants: τc (= RC), τm, and τo. 
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features a rigid, well-defined, permeable porous membrane with nano-scopic pores. 

This osmometer (simplified cross-sections shown in Figure 4.2a) couples a porous 

membrane and a small liquid reservoir. When submerged in a solution, the μTM 

functions like a classic u-tube osmometer (as seen in Figure 4.1) with one key 

difference: instead of measuring the apparent osmotic pressure as a pressure head (i.e., 

the difference in the heights of liquid columns in Figure 4.1), the μTM measures the 

apparent osmotic pressure as a deformation of a diaphragm (a thin, non-porous, flexible 

plate) which results from a reduction of the pressure in reservoir filled with initially pure 

water coupled to the diaphragm (shown as a dilute solution in Figure 4.2a). The strain 

gauge of the μTM transduces this deformation of the diaphragm into a change in the 

voltage output of the circuit (Vout – Vout
0 in Figure 4.2a) which is directly proportional 

to the pressure difference across the diaphragm (ΔPc(t) = Pc(t) – P0).  

 

The MEMS nature of the μTM is important to this study because it enables 1) the 

automated collection of continuous data with high temporal resolution; 2) the rapid 

change of the solution on one side of the membrane (by moving the sensor); and 3) the 

sensor to have a response time fast enough to resolve osmotic transients.  

 

We consider our data with a model we develop which couples the dynamics of the μTM 

and the membrane-mediated osmotic process. This theory describes the μTM as a 

simple RC circuit (Figure 4.2b) that responds to a dynamic driving force which is a 

function of the osmotic pressure difference between the solution in the cavity of the 

sensor and the bulk solution (ΔΠ), the reflection coefficient of the μTM membrane to 

the solute in the solution (σ) as well as two distinct time scales (τm, τo); these time scales 

and the response time of the μTM, τc, correspond to three processes (shown graphically 
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in Figure 4.3 as the red, blue and green curves) that act in concert to create the response 

we observe. 

 

Our objectives in this chapter are to: 1) present a tension-based MEMS osmometer with 

well-defined, nanoscopic pores as a tool for capturing osmotic transients with high 

temporal resolution, 2) develop theory to describe the dynamics of osmotic transients, 

and 3) analyze osmotic transients with pore-scale models of osmosis.  

Figure 4.3: Graphical representation a hypothetical transient of the μTM when placed in a solution 

based on the circuit in Fig. 4.2b. Transients predicted for the operation of the μTM when exposed to a 

solution: normalized pressure difference in the cavity for a permeable membrane, 
𝛥𝑃𝑐 𝑡 

𝛥𝛱0
 (black curve – 

Eqn. 4.17); proposed transient for the establishment of membrane pressure difference, 
𝛥𝑃𝑚 𝑡; 𝜏𝑜→∞ 

𝛥𝛱0
 (red 

curve – Eqn. 4.14); transient for the decay of the osmotic pressure difference between the solution 

within and the bulk solution surrounding the μTM, 
𝛥𝛱 𝑡 

𝛥𝛱0
 (blue curve – Eqn. 4.15); hypothetical transient 

of the μTM with semi-permeable membrane 
𝛥𝑃𝑐 𝑡; 𝜏𝑜→∞; 𝜎=1 

𝛥𝛱0
 (green curve – Eqn. 4.20). Each of these 

processes introduces a time scale: τc for the characteristic hydraulic response of the μTM, τm for the 

transient of the membrane pressure and τo for the decay of the osmotic pressure difference between the 

solution within and the bulk solution surrounding the μTM. 
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We organize this paper as follow: 1) we review key concepts (e.g., osmotic pressure, 

reflection coefficient) and widely accepted theoretical descriptions of osmotic flow (see 

Background); 2) we discuss previous studies of osmotic transients and existing theories 

which consider a pore-scale view of osmosis (see Literature review); 3) we derive a new 

theory which connects the pressure variation during osmotic transients to pore-scale 

processes and parameters (see Theory); 4) we present the microtensiometer and our 

methods for using the sensor as a microlaboratory for studying osmotic transients (see 

Methods and materials); 5) we discuss insights into the reflection coefficient and 

osmotic process time scales can be extracted from osmotic transients using our theory 

(see Results and discussion); and, 6) we conclude by summarizing our results and 

suggesting future directions (see Conclusion).      

 

Background 

Principles of osmosis 

Though osmosis can occur with any liquid solvent96, in this chapter, we will confine our 

discussion to contexts in which the solvent is water. We make this decision for brevity, 

simplicity, and because water is the most ubiquitous and relevant solvent.  

 

As mentioned previously, osmosis will proceed differently and arrive at a different 

equilibrium state depending on whether the membrane behaves as a semi-permeable or 

permeable membrane. The differences are best illustrated by example: consider a u-tube 

osmometer which is bisected by a membrane as depicted in Figure 4.1. Suppose that, 

at some initial moment, the osmometer is filled simultaneously with pure water on one 

side of the membrane (the left side of both u-tubes in Figure 4.1) and an equal volume 

of a binary aqueous solution (i.e., water and a solute) on the other (the right side in both 

u-tubes in Figure 4.1).  
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Figure 4.1a shows an osmometer with a semi-permeable membrane after the transient 

is complete (i.e., the system is at equilibrium). The osmometer with a semi-permeable 

membrane can only move toward equilibrium by moving water across the membrane; 

water moves across the semi-permeable membrane from the pure water side to the 

solution side (left to right in Figure 4.1a). At equilibrium, the pressure head of the 

solution in the column on the right side of the u-tube balances the osmotic pressure, Π 

[Pa] = ρgh where ρ [kg m-3] is the density of the solution, g = 9.81 m s-2 is acceleration 

due to gravity and h [m] is the pressure head. In other words, the u-tube serves as a 

manometer allowing the osmotic pressure to be measured. We note that, in this ideal 

case, the water on the pure water side of the membrane (the left side in Figure 4.1a) 

remains pure throughout the osmotic transient and at equilibrium.  

 

Figure 4.1b shows an osmometer with a permeable membrane partially through its 

transient (i.e., the system is in a transient state). The osmometer with a permeable 

membrane moves toward equilibrium by moving water and solute across the membrane. 

If the reflection coefficient, 0 ≤ σ < 1 (for more detail, see Osmotic flow equation 

section), the initial net flow will be from the dilute side to the concentrated side (left to 

right in Figure 4.1b) as it is in the semi-permeable membrane case. However, eventually 

the flow must change direction as the system moves toward equilibrium. To achieve 

equilibrium, water and solute will cross the membrane until their respective 

concentrations are equal across the membrane and there is no difference in height 

between the liquid columns of the osmometer. At any time during the transient, the 

difference between the heights of the liquid columns in the osmometer is the apparent 

osmotic pressure, Π* [Pa] = ρgh(t) where h(t) is the pressure head at time, t.  
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Osmotic pressure 

An expression for the osmotic pressure of a solution can be derived by considering the 

change in pressure which would result from the difference in the free energy of water 

in pure and solution phases as would be the case across a semi-permeable membrane 

(like the system shown in Figure 4.1a). We will not derive the full expression here. 

Though we will note that, under the assumption that water is incompressible, the 

osmotic pressure, Π [Pa], is given by the following: 

  (4.1) 

where R = 8.314 [ J mol−1 K−1] is the ideal gas constant, vw [m3 mol-1] is the molar 

volume of water, and aw [-] is the activity water of the solution at temperature, T [K]. 

For ideal, dilute, binary solutions, 1 – xs ~ 1 where xw [-] is the mole fraction of water, 

and Eqn. 4.1 can be approximated with a Taylor series expansion to arrive at the well-

known van’t Hoff equation: 

  (4.2) 

where xs [-] is the solute mole fraction and Cs [mol m-3] is the solute concentration. 

 

Performing an experiment like the one depicted in Figure 4.1a is the most direct method 

to measure the osmotic pressure of a solution; however, the osmotic pressure can be 

calculated using an appropriate method discibed in chapter 2. For example, the osmotic 

pressure could be calculated from measuring: the dew point of the vapor in equilibrium 

with a solution (by psychrometry34 or chilled mirror hygrometry36), or the change in the 

freezing point relative to pure water (i.e., freezing point depression; with a freezing point 

osmometers) 38.  
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The microtensiometer as an osmometer 

As we have discussed in detail in chapter 3, the μTM has other uses; however, in this 

chapter, we present the μTM as an osmometer (Figure 4.2a). When the μTM is 

submerged in a solution (at pressure, P0) whose osmotic pressure (Πs) differs from the 

osmotic pressure of the liquid (pure water or solution; at pressure, Pc) in its cavity (Πc),  

a net flow of liquid into or out of the μTM will occur. Let ΔPc [bar], the pressure 

difference across the diaphragm of the μTM, be defined as follows:  

  (4.3) 

Let ΔΠ [bar], the osmotic pressure difference between the solution within and the 

solution surrounding the μTM, be defined as follows:  

  (4.4) 

If ΔΠ < 0 (i.e., Πc < Πs), there will be a net flow of liquid out of the μTM, the pressure 

in the cavity, Pc, will decrease relative to P0 and ΔPc will be negative (as depicted in 

Figure 4.2a). If ΔΠ > 0 (i.e., Πc > Πs), there will be a net flow of liquid into of the μTM 

and Pc will increase relative to P0 and ΔPc will be positive. If the membrane of the μTM 

behaves like a semi-permeable membrane with respect to the solute(s) in the solution 

into which the μTM is submerged, pressure difference across the diaphragm of the μTM, 

ΔPc = -ΔΠ, would be sustained indefinitely (i.e., ΔPc ≠ 0 at equilibrium). If the 

membrane of the μTM behaves like a permeable membrane with respect to the solute(s) 

in the solution into which the μTM is submerged, the pressure difference across the 

diaphragm of the μTM, ΔPc, is only transient and at equilibrium, ΔPc = 0.  Regardless 

of its direction and duration, this net flow of liquid and pressure difference across the 

diaphragm will result in a deformation of the diaphragm and thus, a change in the strain 

gauge output voltage. Under typical operating conditions, the deformation of the 

diaphragm is infinitesimal resulting in a linear relationship between stress and strain; 

and therefore, a linear relationship between the voltage output of the strain gauge and 
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the pressure difference across the diaphragm (see Eqn. 3.3 where Ψ = ΔPc ). 

 

Osmotic flow equation 

The total (i.e, water and solute) volumetric flow, Jv [m s-1], through a membrane is 

typically described by the following empirical equation97,98: 

  (4.5) 

where Lp [m Pa-1 s-1] is the hydraulic coefficient (or, permeability), ΔP [Pa] and ΔΠ [Pa] 

are the hydrostatic and osmotic pressure differences across the membrane. Eqn. 4.5 

defines the reflection coefficient, σ. Two equivalent expressions can be obtained by 

considering two cases: zero net flow (i.e., Jv = 0) and zero pressure difference (i.e., ΔP 

= 0). These cases result in the following: 

 
 (4.6) 

The hydraulic coefficient (Lp in Eqn. 4.5) is a function of both membrane and solution 

properties including macroscopic (e.g., thickness) and microscopic (e.g., pore size and 

density) membrane geometry, membrane composition and solution viscosity.  

 

We note the following about the reflection coefficient: 1) a reflection coefficient equal 

to zero (i.e.,  σ = 0) is equivalent to there being no membrane present; 2) the reflection 

coefficient can be less than zero (i.e.,  σ < 0) indicating that the solute behaves 

“anomalously” (i.e., produces osmosis in the opposite of the expected direction); and, 

3) the reflection coefficient is a dynamic property of a specific membrane-solute(s) 

combination which quantifies the complex water-mediated interactions between the 

membrane and solute. 
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Literature review 

Scope of review 

In this discussion, we give a limited overview of the disputed perspectives on osmosis 

which exist within the literature, paying particular attention to work that we will 

reference in interpreting the data we present in this work. We narrow our focus to works 

which examine osmosis with aqueous solutions and synthetic membranes. We divide 

our discussion into two parts: one to discuss pore-scale theories about osmosis and one 

to discuss osmotic transients. 

 

Pore-scale theories of osmosis 

Modern theories of osmosis can be binned into two groups: 1) theories which apply to 

membranes whose free volume elements (i.e., pores) are statistical fluctuations in the 

spatial distribution of the material that makes up the membrane (e.g., polymer chains); 

and 2) theories which apply to membranes whose free volume elements (i.e., pores) are 

(more or less) fixed as in a rigid porous medium. Literature suggests that the behavior 

of the membranes in this first group (i.e., membranes with evolving pore structure) is 

well-described by Solution-Diffusion theory99. Solution-Diffusion theory treats the 

membrane as a distinct phase into which the components of the solution (i.e., solute(s) 

and water) dissolve and permeate by diffusion. According to Solution-Diffusion theory, 

membranes achieve separation of solute(s) and water due to the differences in the rates 

and energetic barriers of these two processes (i.e., dissolution into and permeation 

through the membrane) for the solute(s) and solvent. However, Solution-Diffusion 

theory fails to provide accurate predictions of the behavior of membranes in the second 

group (i.e., membranes with fixed pores)99. 

 

Since the membrane of the μTM is porosified silicon with a fixed, rigid pore structure 
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(see The microtensiometer section for details), we will review a pore-scale theory which 

addresses osmosis in membranes with fixed pores.  

 

Anderson and Malone argue that purely steric effects can lead to osmosis by considering 

the flow of hard-sphere solutes and a continuum solvent in perfectly cylindrical pores100. 

Though they extend their analysis to more complex solute-membrane interactions, their 

purely steric treatment neglects all other interactions between solute and pore walls – 

an assumption which other work published by this group74 suggests is reasonable for 

neutral solutes. Such a system is pictured in cross-section in Figure 4.4 with hard-sphere 

solute particles (yellow circles) and a continuum solvent (light blue) flowing through a 

cylindrical pore (yellow-brown; of radius rp) connecting a reservoir of pure solvent (left) 

and solution (right). Due to their finite size, the centers of the hard-sphere solute 

particles (yellow circles in Figure 4.4) cannot occupy the annulus-shaped area (black 

dashed-dotted line in Figure 4.4) within one solute radius (rs) of the pore wall. This 

steric exclusion of solute centers allows the pore to be divided into two regions with 

distinct but coupled flow profiles: a core region which can be fully explored by solute 

centers and a sheath region which completely excludes solute centers. In other words, 

the boundary at r = rp – rs acts as a semi-permeable membrane with respect to the centers 

of the solute particles. The location of this boundary can be written in terms of the ratio 

of the solute and pore radius, λ: 

  (4.7) 

As a result, there is a discontinuity in the osmotic pressure across the radius of the pore 

at 1 – λ. When coupled to an axial concentration gradient, this radial discontinuity in the 

osmotic pressure leads to an axial pressure gradient which differs in magnitude and can 
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even differ in direction between the core and the sheath. The steady-state flow profile 

depends on the ratio of the solute and pore radius, λ, the pore radius, and the osmotic 

and hydrostatic pressure gradients within the pore.  An example of an Anderson and 

Malone flow profile in which the direction of flow in the sheath is opposite the flow in 

the core is shown in Figure 4.4 (black solid lines and arrows). The expression that 

Anderson and Malone derive for the reflection coefficient, σ, is an important result for 

our discussion.  

  (4.8) 

Eqn. 4.8 can be derived by considering the flow equations developed by Anderson and 

Malone and applying one of the flow-based definitions of the reflection coefficient 

(Eqn. 4.6).  

 

We emphasize that Anderson and Malone’s theory only considers the steady-state 

concentration gradient and the resulting steady-state flow profile. They do not provide 

Figure 4.4: Anderson & Malone's pore-scale theory of osmosis. A steady-state concentration gradient of solutes 

(yellow circles of radius, rs [nm]) dissolved in water (light blue) flow through this axial cross-section of a rigid, 

cylindrical, permeable pore (yellow-brown of radius, rp [nm]) from an infinite reservoir of solution (right-side; 

at P = Ps and Π = Πs) to an infinite reservoir of pure water (left-side; at pressure, P = P0 and osmotic pressure, 

Π = 0). We draw this concentration gradient discretized into three compartments within the pore, labeled 1 to 3 

from left to right within the pore. Due to their size, the solutes’ center of mass can only occupy the region in the 

center of the pore called the core; they cannot occupy the area adjacent to the pore walls called the sheath 

(indicated by the black dashed-dotted lines). The core and sheath in each discrete compartment has its own 

pressure, P, and osmotic pressure, Π, whose subscript corresponds to the compartment.  
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any insight as to the transient which leads to their steady state solution.  

 

In this chapter, we compare our results to Anderson and Malone’s theory; However, we 

note that Anderson and Malone’s theory is not the only pore-scale theory which 

addresses osmosis in fixed pores. The work of Hill97,101–104 offers a different perspective 

on osmosis that suggests that osmosis in permeable pores is a diffusive rather than 

convective (i.e., pressure-driven, viscous) process as suggested by Anderson and 

Malone. We choose not to compare our work to Hill’s theory because Hill does not 

present a mechanistic picture of the physical origins of osmosis. In other words, Hill’s 

theory does not allow us to draw a simple figure like Figure 4.4. We mention Hill’s 

theory to offer a counter point which exists in the literature and avoid giving the 

impression that Anderson and Malone’s theory is generally accepted.  

 

Osmotic transients 

In 1965, Mauro published a set of osmotic transients collected with a “Hepp-type” 

osmometer whose design and mode of operation is similar to that of the μTM. Mauro 

used cellulose acetate membranes and aqueous solutions of polyethylene glycol (PEG) 

and sucrose which the cellulose acetate membrane was semi-permeable and permeable 

respectively. With a PEG solution, Mauro demonstrated that negative pressures (i.e., 

tension; P = ~ -1 atm) could be obtained in the pure water within the osmometer – a feat 

never before demonstrated. Mauro reported that his cellulose acetate membranes had a 

reflection coefficient of 0.85 with respect to sucrose, but he did not indicate the source 

of this information. For the sucrose solutions, Mauro did not report a full transient 

because the liquid water within the osmometer cavitated (boiled) at a pressure of ~ -4 

atm, releasing the tension within the water. It is not clear why cavitation kept Mauro 

from studying transients of solutes permeable to the membrane of his osmometer as this 
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cavitation could have been avoided by using solutions with smaller osmotic pressures. 

In his discussion of these experiments, Mauro did not provide a model of the transients 

he observed.  

 

Other authors have proposed models of osmotic transients using a variety of approaches. 

Laidler, Shuler and coworkers, in a three part work, presented both experiments and 

theory treating the problem of osmotic transients in systems with a membrane  

permeable to both solutes and solvent as three coupled first-order kinetic processes: 1) 

adsorption to the membrane, 2) desorption to the bulk solution and 3) diffusion into the 

membrane105–107. Tung108 as well as Gardon & Mason109 approached the problem of 

osmotic transients by equating the change in the chemical composition on one side of 

the osmometer with a pseudo steady-state diffusive flux across the membrane. Gardon 

& Mason also demonstrate that their theory is consistent with experiments they 

conducted. Vink developed and demonstrated experimentally consistency with an 

expression for the variation of observed pressures in osmometers with time using the 

phenomenological equations (like Eqn. 4.5; popularized by Kedem and Katchalsky98) 

to obtain expressions for the solute and solvent fluxes110. All these authors, despite the 

different approaches used, obtained an expression for the variation of pressure in the 

osmometer, P [Pa], with time of the form: 

  (4.9) 

where a1 and a2 [Pa] are constants and τ1 and τ2 [s] are time constants. Both ais and τis 

are functions of geometric constants of the osmometer used and membrane properties 

(e.g., permeability, thickness).  

 

We note that none of these works connected the parameters in their expressions (like 

Eqn. 4.9) to membrane properties such as pore size or reflection coefficient. We believe 
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that τ1 and τ2 are associated with the characteristic response time of the osmometer used 

and the time constant for the solute to equalize between both reservoirs of the 

osmometer.  

 

We will argue that we observe a transient process which is not detected by all the 

previous studies we discussed in this section (see Eqn. 4.19 and preceding discussion). 

This undetected transient was missed by these pervious studies because of the similar 

magnitudes of τ1 and τ2 in these studies. As we will discuss in the Theory section, the 

μTM exhibits several orders of magnitude difference between τ1 and τ2 which prevents 

a third transient process from being obscured.  

 

Theory 

Development 

We now present a theoretical approach to understand the transient response of the μTM 

when used as osmometer with a permeable membrane. We consider three transient 

processes in this theoretical development: 1) the inherent response of the μTM to a 

change in pressure, 2) the decay of an osmotic pressure difference towards equilibrium 

(i.e., an osmotic pressure difference of zero), and 3) the onset of the reflection process.  

 

We begin the development of this theory by considering a μTM filled and in equilibrium 

with pure water. At some time, t = t1, the μTM is moved into a binary aqueous solution 

at a constant, ambient pressure, P0 [Pa]. We refer to this process as a forward transient.  

 

We propose that the movement of liquid within the μTM can be described using a fluidic 

analogy to Ohm’s law (Eqn. 4.10).  
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  (4.10) 

This equation is recasting of the equation typically used to describe osmotic flow (Eqn. 

4.5) where ΔP [Pa] is encompasses both the hydraulic pressure difference, ΔP [Pa], as 

well as the osmotic pressure difference, σΔΠ [Pa], Q [m3 s-1] is the volumetric flow rate 

instead of the volumetric flux, Jv [m s-1], R [Pa s m-3] is the resistance to flow instead of 

the hydraulic coefficient Lp [m Pa-1 s-1]. 

 

We note two differences between Eqns. 4.5 and 4.10: 1) Eqn. 4.5 written in terms of 

total flow rather than flux; and 2) R ∝ LP
-1. 

 

This analogy (Eqn. 4.5) allows us to represent the μTM with the RC circuit shown in 

Figure 4.2b (for the case of a μTM submerged in solution). The diaphragm and cavity 

of the μTM act as a hydraulic capacitor (labeled C in Figure 4.2b) since liquid entering 

or exiting the cavity will cause a deformation of the diaphragm. When the μTM is in 

direct contact with a solution containing a solute which can permeate through the 

membrane of the μTM, the deformed diaphragm stores energy as elastic potential 

energy which must be dissipated for the μTM to be at equilibrium (i.e., at equilibrium, 

ΔPc = 0). The membrane of the μTM acts as a hydraulic resistor (labeled R in Figure 

4.2b) since the nano-porous membrane is the largest contributor to resistance to flow in 

the μTM. The interaction of the solution surrounding the μTM and the membrane of 

μTM acts as a hydraulic battery (labeled ΔPm = f (t, ΔΠ0, σ, τc, τm, τo) in Figure 4.2b) 

since the osmotic pressure differences between the bulk solution and the solution in the 

μTM drive the flow of liquid through the μTM. 
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To advance our analysis of Eqn. 4.10, we make the following assumptions and 

substitutions. We define hydraulic capacitance as follows: 

  (4.11) 

We assume that the ambient pressure is constant; this assumption allows us to include 

it in the differential.  

 

The pressure difference we are concerned with is the difference between the pressure in 

the cavity of the μTM, ΔPc [Pa] (the blue node between the capacitor and resistor in 

Figure 4.2b) and the pressure experienced by the liquid at the interface of the membrane 

with the bulk solution, Pm [Pa] (the battery in Figure 4.2b). However, since we consider 

the solution in which the μTM is submerged to be at ambient pressure, P0, it is useful to 

express these pressure difference relative to ambient (Eqn. 4.12).   

  (4.12) 

We note that we measure ΔPc directly with the strain gauge of the μTM (see The 

microtensiometer section for details).  

 

Applying these changes (Eqns. 4.11 & 4.12) to our Ohm’s law analogy (Eqn. 4.10), we 

obtain a linear ordinary differential equation in terms of ΔPc, subject to the forcing 

function, ΔPm: 

  (4.13) 

Here, we have replaced the factor, RC [s] with τc to emphasize that it represents the 

characteristic time constant associated with the change in the pressure of the cavity of 
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the μTM induced by a pressure difference. We note that we consider R and C (and 

therefore, RC) as constants with respect to time.  

 

To solve Eqn. 4.13 and obtain an expression for ΔPc as a function of time, we need an 

expression of the time dependence of ΔPm. ΔPm is the effective pressure difference 

created by the interaction between the bulk solution and the membrane of the μTM at 

their interface. Drawing on inspiration from the data we present later (see Results and 

discussion) and the ubiquitous nature of linear responses in nature, we propose the 

following form for the time-dependence of ΔPm: 

  (4.14) 

where σ [-] is the reflection coefficient of the membrane of the μTM with respect to the 

solute in the binary solution, ΔΠ(t) [bar] is the osmotic pressure difference between the 

bulk solution and the solution in the μTM as a function of time, and τm [s] is the time 

constant associated with the onset of the reflection process.  

 

We plot a non-dimensionalized form of the transient of ΔPm in Figure 4.3 (red curve). 

We think of τm as the time scale to establish the reflection process where the pressure at 

the membrane-solution interface (i.e., ΔPm) decays from ΔΠ(t) to σΔΠ(t). We note that 

the temporal limits of ΔPm seem reasonable: ΔPm (t = 0) = ΔΠ(t) and ΔPm (t → ∞) = 

σΔΠ(t). For a semi-permeable membrane (σ = 1), ΔPm (t) = ΔΠ(t). 

 

To continue our analysis, we need to make explicit the time-dependence of. 

Consideration of a classic membrane suggests the following form for ΔΠ(t): 
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  (4.15) 

where ΔΠ0 [bar] is the initial difference in osmotic pressure between the bulk solution 

and the solution in the cavity of the μTM and τo [s] is the time constant associated with 

the decay of the osmotic pressure difference between the solution within and the bulk 

solution surrounding the μTM. 

 

We plot a non-dimensionalized form of the transient of ΔΠ in Figure 4.3 (blue curve). 

Here, again, the temporal limits seem intuitively reasonable: ΔΠ (t = 0) = ΔΠ0 and ΔΠ 

(t → ∞) = 0. We propose that, for a semi-permeable membrane (σ = 1), τo → ∞ and 

ΔΠ(t) = ΔΠ0. 

 

Combining Eqns. 4.14 and 4.15, we get an expression for the time-dependence of ΔPm. 

  (4.16) 

In this choice of ΔPm, we introduce two time constants (τo and τm) associated with the 

decay of the osmotic pressure difference and the onset of the reflection process. We will 

test the appropriateness of this choice in our discussion of the data (see Results and 

discussion).  

 

Inserting our form for ΔPm (Eqn. 4.16) into the differential equation (Eqn. 4.13), 

integrating and applying the initial condition that ΔPc(t = 0) = 0, we obtain: 
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(4.17) 

We will refer to Eqn. 4.17 as our three time constant theory. 

 

For reasons, we will discuss in the Results and discussion section, the limit when 𝜏𝑜 is 

much greater than both 𝜏𝑚 and 𝜏  (i.e., 𝜏𝑜 ≫ 𝜏 , 𝜏𝑚) will be relevant to the present work. 

Applying this limit to our expression for ΔPc (Eqn. 4.17) yields Eqn. 4.18.  

 
 

(4.18) 

We will refer to Eqn. 4.18 as our two-time-constant theory.  

 

We note that this result (Eqn. 4.18) differs from the results obtained by previous studies 

(Eqn. 4.9) because it contains an additional term which is independent of time (i.e., the 

rightmost term, σ). As we will discuss more later (see The time constant for the onset of 

reflection, τm) we believe previous studies did not observe this last term because τc ~ τo 

≫ τm in their experimental systems. In this limit (which is equivalent to τm → 0), Eqn. 

4.17 becomes: 

 
 

(4.19) 

 

For a semi-permeable membrane (σ = 1; τo → ∞), both Eqns. 4.17 and 4.18 become 
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  (4.20) 

 

We note that, in the case of μTM filled and in equilibrium with a binary aqueous solution 

being placed into pure water, the form of the transient is the same as Eqns. 4.17 and 

4.18 with the slight modification that the initial change in osmotic pressure should have 

the opposite sign (i.e., ΔΠ0,fwd = -ΔΠ0,rev). We refer to this process as a reverse transient.  

 

Discussion of theory 

To visualize this theory, we plot the our prediction for the transients of the following: 

ΔPc(t) (Eqn. 4.17; black curve), ΔPm(t) (Eqn. 4.14; red curve), ΔΠ(t) (Eqn. 4.15 blue 

curve), and ΔPc(t) for a semi-permeable membrane (Eqn. 4.20; green curve) in Figure 

4.3. The appropriate y-axis label is colored the same as the corresponding curve. 

 

In this plot, we non-dimentionalized each pressure difference with the initial osmotic 

pressure difference (i.e., ΔΠ0) and the time with the characteristic time constant of the 

μTM (i.e., t/τc). The curves use the following inputs (unless explicitly stated otherwise): 

σ = 0.2, τc/τm = 1.4 and τc/τo = 1.0 x 10-2.  

 

The transients of ΔPm(t) (Eqn. 4.14; red curve), ΔΠ(t) (Eqn. 4.15 blue curve), and ΔPc(t) 

for a semi-permeable membrane (Eqn. 4.20; green curve) in Figure 4.3 showcase the 

three time constants in our theory. In ΔPc for a semi-permeable membrane (Eqn. 4.20; 

green curve), the only time constant we observe is the characteristic time constant of the 

μTM, τc, and ΔPc/ΔΠ0 goes from 0 to -1 (i.e., ΔPc = -ΔΠ0) by an exponential decay. In 

the decay of ΔΠ (Eqn. 4.15; blue curve), the only time constant we observe is the time 



 

119 

 

constant for the decay of the osmotic pressure difference, τo, and ΔΠ/ΔΠ0 would go from 

-1 (i.e., ΔPc = -ΔΠ0) to 0 by an exponential decay. Since τo is large relative to τc and τm, 

to show the dynamics of the other processes, we plotted only a small part of the decay 

of ΔΠ such that this decay appears linear. In the transient of ΔPm (Eqn. 4.14; red curve), 

the only time constant we observe is the time constant we associate with the onset of 

the reflection process, τm, and ΔPm/ΔΠ0 would go from -1 (i.e., ΔPc = -ΔΠ0) to -σ (i.e., 

ΔPc = - σΔΠ0) by an exponential decay. The vertical dashed-dotted lines in the colors 

corresponding to those of the three curves we just described give a sense of the relative 

values of each of the time constants (i.e., τo, τc, τm). 

 

We note that for exponential decays when t/τ = 5, the function is at ~99% of its final 

value and when t/τ = 0.1, the function is at ~10% of its final value. We selected these 

relative values of τo, τc and τm to be consistent with their relative values we typically see 

in our data:  τm < τc ≪ τo.  

 

The transient of ΔPc for a permeable membrane (Eqn. 4.17; black curve in Figure 4.3) 

is the representative of the transients our theory predicts we should observe with the 

microtensiometer. At early times (in this case from t/τc = 0 to t/τc = 0.5), ΔPc appears to 

follow the same transient as a semi-permeable membrane (Eqn. 4.20; green curve). ΔPc 

then transitions to follow the transient for the onset of the reflection process (i.e., ΔPm; 

Eqn. 4.14; red curve). In making this transition, ΔPc goes through a minimum around 

t/τc = 1. After 5t/τm (red dashed-dotted line) and 5t/τc (green dashed-dotted line), appears 

to dwell around ΔPc/ΔΠ0 ~ σ, before relaxing towards 0, where it will eventually meet 

up with the decay of the osmotic pressure difference (i.e., ΔΠ; Eqn. 4.15; blue curve).     

 

We note two distinctive features in this predicted transient. First, the minimum which 
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occurs as the membrane transitions from semi-permeable to permeable behavior. 

Second, after 5t/τm (the red dashed-dotted line) and 5t/τc (the green dashed-dotted line), 

ΔPc/ΔΠ0 ~ σ. A numerical study of Eqn. 4.17 suggests that ΔPc/ΔΠ0 ~ σ after 5 = t/τm 

and 5 = t/τc only when both τc/τo and τm/τo are less than 0.01. 

 

Methods and materials 

The microtensiometer 

General description 

The fabrication of the μTM has been discussed in detail in chapter 3. We will not repeat 

these details of fabrication here, but we will briefly review the form of the μTM. 

 

The μTM is the combination of two common sensing circuits: a strain gauge and a 

thermometer (labeled in Figure 3.2a). The thermometer is a serpentine thin film of 

platinum called a platinum resistance thermometer (PRT; white in Figure 3.2a; light 

grey in Figure 3.2c) whose resistance varies as a function of temperature (see Eqn. 3.2). 

The strain gauge is made of four polycrystalline silicon resistors (difficult to see (dark 

grey) in Figure 3.2a; magenta in Figure 3.2c & Figure 3.2e) whose resistance varies 

with strain (i.e., piezoresistors; see Eqn. 3.3) in a Wheatstone bridge located on a 

diaphragm. We interface with these sensing circuits via rectangular platinum pads (grey 

and white in Figure 3.2a; darker grey in Figure 3.2c & Figure 3.2e) and wiring (grey 

and white in Figure 3.2a; light grey in Figure 3.2c & Figure 3.2e). We build these 

sensing circuits on a layer of silicon oxide (not pictured; to electrically isolate them) 

atop silicon using photolithography.  

 

Beneath the strain gauge, we etch a 3 μm deep cavity to form a diaphragm (labeled in 

Figure 3.2b, d & e). This cavity is filled with water which enters via veins (thin 
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channels; difficult to see (light grey) in Figure 3.2b; shown filled with water (light blue) 

in Figure 3.2d & e) etched into an area of porosified silicon (dark grey in Figure 3.2b; 

yellow-brown in Figure 3.2d & e). A layer of glass anodically-bonded to the silicon 

forms the bottom of the cavity and veins (not visible in Figure 3.2b & d; dark grey in 

Figure 3.2e). 

 

The result of the fabrication process is a wafer of approximately 150 μTMs with various 

diaphragm sizes: 1 mm x 2 mm, 1.5 mm x 3 mm, 2 mm x 3 mm and 3.5 mm x 4 mm. 

All devices used in this chapter had a 1 mm x 2 mm diaphragm. 
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Packaging 

We packaged each μTM individually before use. Figure 4.5a is a cross-section of the 

basic package used for all μTMs in this work. The package has three main components: 

an aluminum tube (light grey in Figure 4.5a), a custom-made printed circuit board 

(PCB) made of FR4, a composite material composed of fiberglass bound with an epoxy 

resin (purple in Figure 4.5a) and a polyurethane encapsulant (black in Figure 4.5a). In 

addition to these components, the basic package also includes a copper strip (brown in 

Figure 4.5a) which is in contact with both the μTM and the aluminum tube to help the 

sensor maintain thermal equilibrium with the solution during calibration. We will not 

Figure 4.5: Microtensiometer packaging and experimental apparatus. (a) Cross-section of the basic 

package for the microtensiometer. Data is collected from the microtensiometer (μTM; shown in 

simplified cross-section similar to Fig. 2e) via wires soldered to a printed circuit board (PCB; purple). 

The μTM is connected to the PCB by solder connections between the pads on the PCB and μTM (i.e., 

flip-chip connection; dark grey oval). The μTM is in thermal contact with a copper strip (brown). The 

μTM, PCB, wires and copper strip are embedded in a polyurethane encapsulant (black) within an 

aluminum tube (light grey). (b) Cross-section of experimental apparatus with microtensiometer. 

Temperature‐controlled water is pumped through a jacketed glass beaker. A glass sample vial sits 

within water in the jacketed glass beaker. The glass sample vial contains sample stirred by a stir bar. A 

microtensiometer is suspended within the sample. 
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discuss the packaging procedure in detail as a detailed procedure has already been 

presented in chapter 3 (see Packaging). 

 

Calibration 

We have previously discussed detailed procedures for the calibration of the μTM (see 

Calibration equations for strain gauge and thermometer). 

 

Osmotic transient experiments 

In this chapter, we use the μTM measure the pressure differences across the diaphragm 

(ΔPc in Eqn. 4.1) as a function of time during an osmotic transient. 

 

We chose to limit this study to binary solutions of water and one of following neutral 

(uncharged), non-volatile solutes: urea76,111 (Sigma-Aldrich, St. Louis, MO), 

glucose112,113 (Sigma-Aldrich, St. Louis, MO), sucrose77,113 (Sigma-Aldrich, St. Louis, 

MO) and PEG78,114 (Average molar weight: 10,000 g mol-1; Sigma-Aldrich, St. Louis, 

MO). We selected these solutes because they represent a range of hydrodynamic radii 

and literature data was available relating their concentration in aqueous binary solution 

to the solution activity and giving values for their hydrodynamic radii (see references in 

the previous sentence). We note that solution activity (aw) can be converted into an 

osmotic pressure using Eqn. 4.1. 

 

We generate this osmotic transient data for a given solute by: 

1) preparing 4 binary solutions of water and the solute with nominal osmotic 

pressures of 25, 50, 75 and 100 bar; 

2) measuring the osmotic pressure of each solution with a dew point hygrometer 

(Model: WP4C, METER Group, Inc., Pullman, WA); 
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3) moving the μTM  from a vial of DI water into a constantly stirred (at a rate of 

180 rpm) 50 mL vial of one of the prepared solutions in a water-filled 200 mL 

jacketed glass beaker (Ace Glass Inc., Vineland, NJ) whose temperature was 

regulated by a circulating water bath (Model: NESLAB RTE-17, Thermo Fisher 

Scientific, Waltham, MA) as seen in Fig. 3b;  

4) allowing the forward transient to progress until t > max(3τ1, 3τ2) (see Eqn. 4.21) 

5) moving the μTM into a fresh DI water in the same setup as described in step (3) 

6) allowing the reverse transient to progress until ΔPc returns to 0; and, 

7) repeating steps (3) to (6) for the remaining prepared solutions. 

For both calibration and experiments, we used the CR6 datalogger (Campbell Scientific, 

Logan, UT) to power the μTM and measure its outputs. 

 

In the course of this study, we collected 18 datasets: 4 for urea, glucose, sucrose and 

PEG (one of each of the solutions described in step (1) ) and two longer datasets.  

We conducted these two longer datasets with a glucose and PEG solution, respectively. 

In these longer datasets, we used the same procedure described above except we 

modified step (4); we allowed the forward transient to continue until ΔPc returned to 0. 

 

Uncertainty analysis 

We calculate the uncertainties on all calculated values using a propagation of errors79,80  

approach (see Comments on propagation of errors).  

 

Results and discussion 

Organization 

We organize our presentation and discussion of the data we collected in this study as 

follows: we present and discuss the datasets collected by placing the μTM into binary 
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aqueous solutions of urea, glucose and sucrose before presenting and discussing the 

datasets collected in polyethylene glycol (PEG) solutions. We chose to present PEG 

separately from the other solutes because PEG represents a different class of molecules 

(polymers instead of small molecules) and exhibits different dynamics. 

We conclude with a discussion of implications of the theory we developed in this work 

and a comparison to the pore-scale theories which exist in the literature.  

 

Urea, glucose and sucrose datasets 

Qualitative description of truncated osmotic transients 

A truncated osmotic transient dataset for an aqueous sucrose solution (collected by 

preforming steps (3) to (6) in Osmotic transient experiments section once) is shown in 

Figure 4.6a. We refer to these transients as truncated because we perturb the system 

before it completely relaxes to equilibrium. We know the system is not at equilibrium 

because a permeable membrane cannot sustain a pressure difference at equilibrium (as 

discussed in the Principles of osmosis section). We did observe two full transients: one 

in a glucose solution (Figure 4.7) and one is PEG (Figure 4.11). However, we will 

begin by discussing the truncated transients because they most clearly demonstrate the 

characteristics of interest to us and they are representative of most of the data we 

collected.  

 

The data in Figure 4.6a can be described qualitatively as follows: From t = 0 to t = t1, 

the μTM is filled and in equilibrium with pure water. At t = t1 (black dashed line around 

t = 30 minutes), we place the μTM into an aqueous sucrose solution (Π = 75.4 bar). ΔPc 

(black asterisks in Fig. 5) rapidly decreases, indicating that the pressure in the cavity is 

reduced relative to the ambient pressure. ΔPc continues to decrease until it achieves a 

minimum around t = 30 minutes. After the minimum, ΔPc increases, indicating that the 
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pressure in the cavity returning to the ambient pressure (i.e., ΔPc = 0) and moving 

towards equilibrium. We note that ΔPc appears to settle to a final value which is less 

than zero (around t = t2). At t = t2 (black dashed line around t = 75 minutes), we place 

the μTM into pure water (Π = 0 bar). ΔPc rapidly increases, eventually reaching positive 

values, indicating that the pressure in the cavity is elevated relative to the ambient 

pressure. Eventually, ΔPc reaches a maximum just before t = 80 minutes. After 

achieving a maximum, ΔPc decreases, indicating that that the pressure in the cavity 

returning to the ambient pressure (i.e., ΔPc = 0).  

 

We note that, at the end of the dataset (around t = 120 minutes), ΔPc settles to a value 

near zero. We believe that ΔPc does return exactly to zero around t = 120 minutes due 

to drift in the offset of the μTM. 

Figure 4.6: Representative truncated osmotic transient and fittings. (a) Truncated forward and reverse 

osmotic transient for sucrose and water solution (Π = 75.4 bar). We plot the pressure difference across 

the diaphragm (strain gauge voltage output measurements from the micotensiometer (μTM) that have 

been converted into a pressure difference using Eqn. 3.3) of the μTM as a function of time (black 

asterisks). At t = 0, the micotensiometer (μTM) is in a vial of deionized (DI) water, thermostated at 

25°C. At t = t1, we move the μTM into a vial of aqueous sucrose solution (Π = 75.4 bar). At t = t2, we 

move the μTM into a vial of fresh DI water. (b) Forward truncated osmotic transient for aqueous 

solution of sucrose (Π = 75.4 bar) and fits. The data points associated with the forward truncated 

osmotic transient (black asterisks; seen in (a) where t is t1 < t < t2) are replotted. The x-axis is the 

elapsed time relative to the start of the transient (i.e., t - t1). We use an error-weighted least-squares 

fitting algorithm to fit the two time constant theory (Eqn. 4.18; red solid line; free parameters: τc, τm, σ) 

and general expression (Eqn. 4.21; cyan dashed line; free parameters: a1, a2, a3, τ1, τ2) to these data. 
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This dataset (Figure 4.6a) is representative of the qualitative shape of the truncated 

osmotic transient datasets we collected in aqueous solutions of urea, glucose and 

sucrose. 

 

We refer to the transient we observe when the μTM is in solution (as seen between t1 

and t2 in Figure 4.6a and in Figure 4.6b) as the forward transient and the transient we 

observe when the μTM is in water (as seen for t > t2 in Figure 4.6a) as the reverse 

transient. 

 

When we interrupt the forward transient, we cannot be sure of the concentration of 

solute in the μTM and by extension, the osmotic pressure of the solution within the 

μTM. As a result, there is a large amount of uncertainty as to the osmotic pressure 

difference which drives reverse transient, complicating our analysis. Therefore, we 

choose to focus on the truncated forward transients in the analysis we present.  

  

We will also refer to t1 as the point in time when we move the μTM from water into 

solution and t2 as the point in time when we move the μTM from solution into water. 

 

Fits to truncated osmotic transients 

The truncated transients (seen in Figure 4.6a) visually appear to be the sum of two 

exponentially decaying processes similar to the hypothetical example shown in Figure 

4.3. Therefore, we fit the two time constant theory (Eqn. 4.18; Input: ΔΠ0; Free 

parameters: τc, τm, σ) to the truncated forward transient data shown in Figure 4.6a (red 

solid lines), using an error-weighted least squares fitting algorithm (Python function: 

SciPy.Optimize.leastsq, SciPy.org).  
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In addition to the fitting theory to these data, we also fit a more general equation of the 

same form (Eqn. 4.21; cyan solid line in Figure 4.6b): 

 

  (4.21) 

 

The values we obtained from both these fittings (Theory (Eqn. 4.18; red curve) and 

general expression (Eqn. 4.21; cyan curve)) to the data in Figure 4.6b are shown in 

Table 4.1. A comparison of the magnitudes of τc and τm to τ1 and τ2 suggests that τc = τ2 

and τm = τ1. The fit of the general equation (Eqn. 4.21; cyan curve in Figure 4.6b) shows 

better visual agreement with the data than does the fitting to the theory (Eqn. 4.18; red 

curve in Figure 4.6b). We expected the better agreement of the fit of the general 

equation (Eqn. 4.21; cyan curve in Figure 4.6b) given that the pre-factors in the general 

equation are independent fitting parameters, whereas the pre-factors in our theory theory 

(Eqn. 4.18; red curve in Figure 4.6b) are dependent other parameters (i.e., τs and σ). 

 

Table 4.1: Summary of fitting of theory and general expression to truncated forward transient for an 

aqueous sucrose solution. We obtained the values and associated uncertainties (± 1 standard deviation) 

reported by fitting the two time constant theory (Eqn. 4.18 – red curve) and general expression (Eqn. 

4.21 – cyan curve) to the data shown in Figure 4.6b. 

Parameter 

[units] 

Values obtained 

from fitting theory 

to data in Figure 

4.6b 

Parameter 

[units] 

Values obtained 

from fitting general 

expression to data 

in Figure 4.6b 

--- --- a1
 
[bar] 4±5 

τm [min] 0.6±0.1 τ1
 
[min] 0.2±0.3 

--- --- a2
 
[bar] -3.7±0.6 

τc [min] 7±2 τ2
 
[min] 12±5 

σ [-] 0.025±0.003 a3
 
[bar] -1.6±0.4 
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However, we note that even the fitting of the general equation (Eqn. 4.21; cyan curve in 

Figure 4.6b) does not capture all aspects of the data perfectly. For example, there is a 

lack of agreement between the data and the fit of general expression at the minimum 

around t – t1 = 2 minutes. 

 

The data we present in Figure 4.6 is representative of the truncated transient data we 

collected in aqueous urea, glucose and sucrose solutions. For brevity, we will not 

include all these data here. However, plots of the complete datasets and fittings of the 

two time constant theory (Eqn. 4.18) to the truncated forward transients are presented 

in the Supporting Information for this chapter. The Supporting Information also 

includes tables of all the fit parameters we obtained. 

 

To briefly summarize the parameter values we obtained from the fitting of the two time 

constant theory to truncated forward transient data, we note the following: 1) across 

solutions of different concentration but composed of the same solute, we generally 

observed agreement within uncertainty for all fit parameters (i.e., τc, τm, σ); 2) the values 

of τc we obtained differed within uncertainty from the value obtained during calibration 

(2.8±0.4 minutes).  

 

We will analyze these results further in the Discussion section.  

 

Full osmotic transients 

Figure 4.7 shows a full forward and reverse osmotic transient for an aqueous glucose 

solution (Π = 46.7 bar). This full osmotic transient has the same qualitative description 

as a truncated transient (like the one seen in Figure 4.6a), though this fact obscured by 

x-axis scaling of Figure 4.7. At t = t1,i, we move the μTM from water into an aqueous 
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glucose solution (Π = 46.7 bar). There is a rapid decrease of the pressure difference 

across the diaphragm, ΔPc, which is difficult to see on with the x-axis scaling of Figure 

4.7. The increase of ΔPc from a minimum of ~ -5 bar toward 0 can be seen shortly after 

t = t1,i. This process is slow, taking over 2,500 minutes (~1.75 days). After the gap in 

the data, ΔPc continues to increase; we associate this deviation from ΔPc = 0 with drift 

in the strain gauge of the μTM. At t = t2, we move the μTM from the aqueous glucose 

solution into pure water. ΔPc rapidly increases to a maximum of ~ 4 bar shortly after t 

= t2 before relaxing towards zero.  

 

Figure 4.8 shows the full forward transient shown in Figure 4.7 between the time we 

move the μTM into solution (t1,i in Figure 4.7) and t1,f (the black dashed line around t = 

2,500 minutes in Figure 4.7). The rapid decrease of ΔPc can be seen more clearly in 

Figure 4.8a. Figure 4.8a also shows a fitting of the three time constant theory (Eqn. 

4.17; solid red line; Input: ΔΠ0; Free parameters: τc, τm, τo, σ) to these data. 

 

Figure 4.7. Full forward and reverse osmotic transient for an aqueous glucose solution (Π = 46.7 bar). 

We plot the pressure difference across the diaphragm of the μTM as a function of time (ΔPc; black 

asterisks). At t = t1,i (black dashed line), we moved the microtensiometer (μTM) from deionized (DI) 

water into an aqueous glucose solution (Π = 46.7 bar) and we observe the forward transient. The black 

dashed line labeled t = t1,f indicates the end of the data we consider as the full forward transient. 

Around t = 3,000 minutes, there is a gap in the data due to loss of data (as a result of technical issues). 

At t = t2 (black dashed line), we moved the microtensiometer (μTM) from the aqueous glucose solution 

into fresh deionized (DI) water and we observe the reverse transient 
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Figure 4.8b shows a truncation of the transient shown in Figure 4.8a between the time 

we move the μTM into solution (t1,i; zero on the x-axis in Figure 4.8a) and ttrunc (the 

black dashed line around t = 100 minutes in Figure 4.8a). In Figure 4.8b, the decrease 

of and the minimum in ΔPc can be clearly seen and ΔPc appears to settle to a non-zero 

value around ttrunc. 

 

In Figure 4.8b, we have replotted our fit of the three time constant theory (Eqn. 4.17; 

red solid line; seen in Figure 4.8a) and we fit our two time constant theory (red dashed 

line; Eqn. 4.18; Input: ΔΠ0; Free parameters: τc, τm, σ) to the data in Figure 4.8b. We 

note that neither of the fits (two or three time constant) fit the data completely, but 

neither shows a complete disagreement with the data in Figure 4.8b. 

 

The values for τm, τc and σ obtained from fitting the two and three time constant versions 

of the theory agree within uncertainty (see Table 4.2, columns A & B). This agreement 

suggests that truncated transients can provide reasonable estimates of τm, τc and σ. We 

Figure 4.8. Full and truncated forward osmotic transient for an aqueous glucose solution (Π = 46.7 

bar). (a) Full forward transient. We replot the data seen between t1,i and t1,f in Figure 4.7 and fit the 

three time constant theory (Eqn. 4.17) to these data. (b) Truncated forward transient. We replot the 

data seen between 0 and ttrunc, fwd and the fit of the three time constant theory in (a). We fit the two time 

constant theory (Eqn. 4.18) to these data (red dashed line). 
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note that, when we fit three constant theory (Eqn. 4.17) to the truncated dataset (seen in 

Figure 4.8b), we obtained the same values for τm, τc and σ, but the value for τo was 

unrealistically long (on the order of 1000s years). These large values for τo suggest that 

the truncated transients are not sufficiently long to provide an accurate estimate of τo. 

 

Table 4.2: Comparison of fitting of two and three time constant theory for an aqueous glucose solution. 

We obtained the values and associated uncertainties (± 1 standard deviation) reported by fitting Eqn. 

4.17 to the data shown in Figure 4.8a and Figure 4.9a and Eqn. 4.18 to the data shown in Figure 4.8b 

and Figure 4.9a. 

Parameter 

[units] 

(A) 

Fitted values 

for full 

forward 

transient 

(B) 

Fitted values 

for 

truncated 

forward 

transient  

(C) 

Fitted 

values for 

full reverse 

transient 

(D) 

Fitted values 

for 

truncated 

reverse 

transient 

τc [min] 8±2 6±1 12±3 10±3 

τm [min] 1.0±0.2 0.8±0.1 1.3±0.2 1.1±0.2 

τo
 
[min] 550±40 --- 560±40 --- 

σ [-] 0.036±0.002 0.040±0.003 0.038±0.002 0.040±0.003 

 

Figure 4.9 shows the full and truncated reverse transients and fittings of the two and 

three time constant theory to these data. Again, the three time constant fit to the 

truncated transient data (Figure 4.9b) is a replotting of the fit to the full transient data 

(Figure 4.9a). Like the fits to the forward transient, fits of the two and three time 

constant theory to the reverse transients do not match every detail of the data. As with 

the forward transients, τm, τc and σ values we obtain from fitting the two and three time 

constant theory to the reverse transient data agree within uncertainty (see Table 4.2, 

columns C & D). All the fitting parameters shown in Table 4.2 agree (or very nearly 

agree) with in uncertainty. 
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Plausibility of theory for urea, glucose and sucrose 

The discussion of our results up to this point suggests the following: 

1) the theory we have developed shows qualitative agreement with the data; 

2) the values we obtain from fitting the theory to osmotic transient data are 

consistent across both truncated and full for both the forward and reverse 

osmotic transient experiments. 

Therefore, we claim that the theory we have developed is a plausible model for 

understanding osmotic transients of urea, glucose and sucrose. We now turn our 

attention to PEG which provides an example of the osmotic transient of a polymer. 

 

PEG datasets 

Prematurely truncated osmotic transients 

Figure 4.10 shows a prematurely truncated osmotic transient we observed in an aqueous 

polyethylene glycol (PEG) solution (Π = 74.4 bar). We call this transient “prematurely 

truncated” because we moved the μTM back into water before observing a transient like 

those seen in Figure 4.6a. The data in Figure 4.10 can be described qualitatively as 

Figure 4.9. Full and truncated  reverse osmotic transient for an aqueous glucose solution (Π = 46.7 

bar). (a) Full reverse transient. We replot the data greater than t2 seen in Figure 4.7. We fit the three 

time constant form of the theory (Eqn. 4.17) to these data (red curve). (b) Truncated reverse osmotic 

transient. We replot the data seen between 0 and ttrunc, rev and the fit of the three time constant theory in 

(a). We have fit the two time constant theory (Eqn. 4.18) to these data (red dashed line). 
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follows: at t = t1,0, we move a μTM from pure water into a PEG solution (Π = 74.4 bar). 

The pressure difference across the diaphragm of the μTM, ΔPc (black asterisks), 

decreases until it appears to plateau at a value of ~ -37 bars around t = 50 minutes. 

Because the elapsed time for the transient was greater than three times the values of 

both time constants (i.e., t > 3τ1 & t > 3τ2) obtained from fitting the general expression 

(Eqn. 4.21) to the data (between t = t1,0 and t = t2,0), we moved the μTM into pure water 

at t = t2,0. ΔPc decreases until it appears to settle at a value close to 0 around t = 100 

minutes.  

Since ΔPc,min (ΔPc  around t = 50 minutes) ≪ -ΔΠ0, these data did not imply that the 

membrane of the μTM’s had a reflection coefficient, σ = 1 with respect to PEG. 

 

We note that we did not observe a reverse transient like the one seen in Figure 4.6a. 

This fact suggests that, in the case of PEG, there is not an appreciable concentration of 

solute in the μTM prior to the minimum in ΔPc. Since we did not similarly interrupt any 

of the transients we observed for the other solutes we studied in this work, we cannot 

say that this suggestion extends to those solutes as well.  

Figure 4.10: Prematurely truncated forward and reverse transients. At t = t1,0, we moved a 

microtensiometer (μTM) from pure water into an aqueous solution of polyethylene glycol (PEG; Π = 

74.4 bar). At t = t2,0, we moved the μTM into pure water (Π = 0 bar). 
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Full and truncated osmotic transients 

When we allowed a μTM to stay in PEG longer, we obtained the transient presented in 

Figure 4.11. Figure 4.11 shows a full forward and reverse transient for an aqueous PEG 

solution (Π = 50.4 bar). After we move the μTM into the solution (at t = t1), the pressure 

difference across the diaphragm, ΔPc (black asterisks), decreases to a minimum of about 

-35 bar around t = 50 minutes (more easily visible in Fig. 6d). ΔPc then slowly increases 

to a value close to 0 over 12,000 minutes (~ 8 1/3 days). We attribute the deviation of 

ΔPc from zero around t = 12,000 minutes to drift in the offset voltage of the μTM’s strain 

gauge. At t = t2, we move the μTM back to water and we observe a reverse transient. 

ΔPc reaches a maximum shortly after t = t2. After the maximum, ΔPc relaxes back 

towards zero, reaching a value close to zero around t = 20,000 minutes (~14 days). 

 

The forward transient (black asterisks; seen in Figure 4.11 between t = t1 and t = t2) is 

replotted in Figure 4.12a with a fitting of the three time constant theory (red solid line; 

Eqn. 4.17). We note that the end transient being different than ΔPc = 0 could be due to 

Figure 4.11: Full forward and reverse transients in an aqueous PEG solution. At t = t1, we moved a 

μTM from pure water into an aqueous solution of PEG (Π = 50.4 bar). At t = t2, we moved the μTM into 

pure water (Π = 0 bar). 
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the drift of the μTM’s strain gauge. 

 

Figure 4.12b shows a truncated re-plotting of the forward transient (seen in Figure 4.11 

between t = t1 and t = ttrunc,fwd and in Figure 4.12a between t = 0 and t = ttrunc,fwd) and the 

three time constant fit (seen in Figure 4.12a; red solid line; Eqn. 4.17). We fit the two 

time constant theory (red dashed line; Eqn. 4.18) to this truncated forward transient.  

 

A summary of the fitting parameters we obtained from these fits is shown in Table 4.3 

(see columns A & B). The values of τc and τm agree within uncertainty or are close to 

agreeing within uncertainty. However, the values predicted for σ differ significantly 

within uncertainty. 

 

We believe that the disagreement between these values of σ is a result of the inaccuracy 

of the estimate given by the two time constant fit due to the high τm/τo ratio. For PEG, 

the ratio of τo to the next largest time constant (τm) is ~7.2%. For glucose the ratio of τo 

Figure 4.12: Full and truncated forward transient and fits. (a)Full forward transient. We replot the 

data (black asterisks) shown between t1 and t2 in Figure 4.11. We have fit the three time constant theory 

(Eqn. 4.17) we develop in this work to these data. (b) Truncated forward transient and fits. We re-plot 

the data (black asterisks) shown between t1 and ttrunc in Figure 4.11 and (a) as well as the three time 

constant fit shown in (a).. We have fit the two time constant theory (Eqn. 4.18) we develop in this work 

to these data (red dashed line).  
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to the next largest time constant (τc) was only ~1.5%. 

 

Table 4.3: Comparison of fitting of two and three time constant theory for an aqueous PEG solution. 

We obtained the values and associated uncertainties (± 1 standard deviation) reported by fitting Eqn. 

4.17 to the data shown in Figure 4.12a and Figure 4.13a and Eqn. 4.18 to the data shown in Figure 

4.12b and Figure 4.13b. 

 

Figure 4.13 shows the full and truncated reverse transients for PEG as well as the two 

and three time constant fittings to these data. Again, the plotting of the three time 

constant fit seen in Figure 4.13b is a re-plotting of the fit to the full transient data 

(Figure 4.13a).  

Parameter 

[units] 

(A) 

Fitted values 

for full 

forward 

transient  

(B) 

Fitted values 

for truncated 

forward 

transient 

(C) 

Fitted values 

for full reverse 

transient 

(D) 

Fitted values 

for truncated 

reverse 

transient 

τc [min] 16±2 17±2 44±7 40±7 

τm [min] 94±8 111±7 33±5 30±4 

τo [min] 1300±100 --- 1800±200 --- 

σ [-] 0.27±0.02 0.19±0.01 0.18±0.01 0.17±0.01 

Figure 4.13: Full and truncated reverse transient and fits. (a) Full reverse transient and fit. We replot 

the data (black asterisks) greater than t2 in Figure 4.11. We have fit the three time constant theory 

(Eqn. 4.17) we develop in this work to these data. Though the fit qualitatively fits these data, it fails to 

capture the minimum and the final value of the data (b) Truncated reverse transient and fits. We re-plot 

the data (black asterisks) shown between t2 and ttrunc,rev in Figure 4.11 and (a) as well as the three time 

constant fit shown in (a). We have fit the two time constant theory (Eqn. 4.18) we develop in this work 

to these data (red dashed line). 
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Columns C & D of Table 4.3 show the fitting parameters we obtained from fitting the 

two and three time constant theory to the reverse transient data.  

 

We again observe agreement within uncertainty of the fitting parameters obtained from 

fits to the full and truncated reverse transients. However, we do not observe agreement 

between the fitting parameters across the forward and reverse transients (compare Table 

4, column A & B to C & D).  

 

Plausibility of the theory for PEG 

For the PEG data, we claim the following: 

1) the theory we have developed shows qualitative agreement with the transient 

data; 

2) the values we obtain from fitting this theory to the transient is consistent across 

both truncated and full transients, but not across forward and reverse transients. 

Therefore, we cannot claim that the theory we have developed is a plausible model for 

understanding osmotic transients of PEG. Since their effective size in solution varies 

due to statistical fluctuations in their configuration (i.e., coiling and uncoiling of the 

polymer chain), we argue that PEG and polymers in general represent a more complex 

case which cannot be described by our theory. 

 

We hypothesize that our theory fails to consistently describe the PEG transients as well 

as it describes the transients of the other solutes (i.e., urea, glucose and sucrose) because 

the effective size of PEG molecules in solution fluctuates due to it coiling and uncoiling 

in solution. We speculate that this fluctuation in the effective size of PEG molecules 

adds an element of randomness to the observed transients in PEG solutions which is not 
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present in with the other small molecule solute.  

 

We now turn our attention from confronting our theory with experiments to considering 

some of its implications. 

 

Discussion 

The characteristic time constant, τc 

In the theory we developed in this work, the characteristic time constant for the μTM 

(in this case; or any system more generally), τc, defines the response time of the μTM. 

Ideally, τc → 0 such that the μTM could perfectly track the evolving pressure changes 

during the osmotic transient with no time delay. In actuality, the μTM has a non-zero 

response time such that the response we observe in a convolution of the phenomena we 

are observing and the response time of the sensor. The inclusion of τc in our theory 

allows us to compare the values of τc we obtain from fitting the theory to the data to 

values of τc calculated based information about the μTM.  

 

As we mentioned in the Theory section, the characteristic time constant of the μTM, τc, 

is the product of its hydraulic resistance, R, and capacitance, C. We can estimate both 

the effective hydraulic resistance, Reff, and capacitance, Ceff, (and therefore, τc) using the 

specifications of the μTM and theory. We model the hydraulic resistance of the μTM as 

a network of resistors whose resistance is given by: 

  (4.22) 

where Ri [Pa s m-3] is the hydraulic resistance of the hypothetical hydraulic resistor, Li 

[Pa s m-3] is the length of porous silicon through which the liquid must pass, κ [m2 Pa-1 

s-1] is the permeability of the porous silicon and Ai [m
2] is the area of the porous silicon. 
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 We relate the permeability of the porous silicon membrane to the effective pore size 

and the liquid viscosity using the Carman–Kozeny relation: 

  (4.23) 

where ϕ [-] is the porosity of the porous silicon, reff [m] is the effective pore size, η [Pa 

s] is the viscosity of the liquid and ϵ [-] is the tortuosity of the porous silicon. 

Based on previous work done on this porous silicon74,115, we estimate its tortuosity, ϵ = 

4.5 and porosity, ϕ = 0.45. 

 

Combining Eqns. 4.22 and 4.23, we obtain an expression for the hydraulic resistance of 

a hypothetical resistor as a function of the liquid viscosity, the effective pore size and 

other geometric properties of the porous silicon. To obtain an expression for the 

effective hydraulic resistance of the μTM, we must analyze a network of hypothetical 

hydraulic resistors which we derive based on the structured membrane of the μTM.  

We will not discuss this analysis here; for this discussion, we just seek to impress upon 

the reader that Reff = f (η, reff). 

 

For the effective hydraulic capacitance, Ceff, we consider two capacitors in parallel: one 

which corresponds to the capacitance of the diaphragm of the μTM and one which 

corresponds to the capacitance of the liquid in the μTM which we assume to be pure 

water.  

Mathematically, 

  (4.24) 

where Vc [m
3] is the volume of the cavity of the μTM, VμTM [m3] is the volume of liquid 

of the μTM, Kd [Pa] is the bulk modulus of the diaphragm and Kw = 2.2 GPa is the bulk 

modulus of the water. Calculating the bulk modulus of the diaphragm requires solid 
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mechanical analysis. We leave a discussion of this analysis to the Supplimental 

information.  

 

We can compare this theoretical estimate of τc (= Reff (η, reff) Ceff ) to the values of τc we 

obtained by fitting our theory (Eqns. 4.18) to our osmotic transient data.To preform this 

comparison, we fit our theoretical expression for τc to the values of τc we obtained from 

fitting our theory of transients to the transient data with reff as a free parameter.  

 

This data and fitting are shown in Figure 4.14a. The fit of the theoretical expression for 

τc (black solid line) agrees well with the data at lower viscosities, but at higher 

viscosities, the theory over predicts the data (see the two right most blue points). 

This overprediction suggests that the time constant obtained from fitting the theory to 

transients are not a strong function of the solution viscosity. Because we obtained these 

time constants from truncated transients, the liquid in the μTM throughout the transient 

is likely nearly pure water and does not have a viscosity equal to that of the solution 

surrounding the μTM as is suggested by the fitting in Fig. 8a. Despite this lack of 

agreement at higher viscosities, the effective pore size we obtain from this fitting is 1 ± 

3 nm. We note that this effective pore size agrees with the effective pore size reported 

in previous by this group on similar porous silicon 74,115.  
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Peclet number, Pe 

As we discussed previously, there is some debate in the literature about the nature of 

osmosis in permeable pores. Some works (like those of Anderson and Malone) suggest 

that osmosis in permeable pores is primarily a convective process. Others (like Hill) 

claim osmosis in permeable pores is diffusive in nature. Our osmotic transient data and 

theoretical approach allow us to make an evaluation of the which mode of transport 

(convection or diffusion) is dominant during the transients we observe. We make this 

evaluation by calculating the Peclect number, Pe [-]. The Peclect number is a 

dimensionless ratio which captures the rate of convective transport (Jv) relative to the 

rate of diffusive transport (D/L). A Pe > 1 indicates that convection transport is 

dominant and a Pe < 1 indicated that diffusive transport is dominant. Pe is defined as 

follows: 

 

Figure 4.14: Summary of parameters obtain from fits to truncated transients. (a) Theoretical estimate 

of the characteristic time constant of the μTM. We plot the characteristic time constant of the μTM, τc, 

obtained by fitting our theory (Eqn. 4.18) to truncated forward and reverse transients (like those seen in 

Figure 4.6). We fit a theoretical form of τc (= Reff (η, reff) Ceff ) with reff as the fitting parameter. (b) 

Comparison of the reflection coefficient with the theory of Anderson and Malone. We plot the average 

reflection coefficients determined by fitting our theory to truncated forward transients as a function of 

the solute hydrodynamic radius. The solid lines are theoretical predictions using the theory of Anderson 

and Malone from the pore size estimated from other methods (red) and from a fitting to the reflection 

coefficients found in this study (black). The grey regions around the solid lines indicate the possible 

location of the lines based on the uncertainties in the pore size. These grey regions disappear for the 

estimated curve (red) when the solute hydrodynamic radius exceeds the estimated pore radius within its 

uncertainty. (c) The time constant for the onset of reflection. We plot the time constant for the onset of 

reflection we propose in this work as a function of solute diffusivity (blue points). We fit the classical 

diffusion time scale, L2/D, to these data points with L as the fitting parameter (red line). 
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  (4.25) 

where, again, Jv [m s-1] is the volumetric flux through the membrane, L [m] is the extent 

of the concentration gradient associated with diffusion and D [m2 s-1] is the diffusivity 

of the solute in water. 

 

By applying that the volumetric flux is equal to the volumetric flow rate per unit area 

(i.e., Jv = Q/A) and the definition of capacitance (Eqn. 4.11), we write the Peclet number 

in terms of L, Ceff, D, A and dΔPc/dt, the numerical derivative of the pressure difference 

across the diaphragm with respect to time. 

 

Given the complex membrane architecture of the μTM (see Figure 3.1d), there is some 

ambiguity as to the correct length and area to select for L and A in Eqn. 4.25. We select 

L = 1.7 mm, the length of the porosified zone in the μTM (the yellow-brown region in 

Fig. 3d).  We note that this choice of length is on the longer end of the range of lengths 

we could have selected and would tend to favor convention over diffusion. For the area, 

A, we select 4.5 mm x 5 μm x 0.45 = 10,125 μm2 which is the product of the width, 

depth and porosity of the porous silicon.  

 

Using these choices of physical dimensions, the diffusivity of the urea, glucose and 

sucrose in water, and the effective hydraulic capacitance we calculated previously, we 

can plot Pe as a function of elapsed time for any of the transients we recorded.  

 

Figure 4.15 shows a plot of Pe(t). There is a spike immediately after the μTM is moved 

into a new solution (i.e., t1 or t2).  This spike quickly decays to a baseline around Pe = 
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0. In all cases, Pe for this spike did not approach 1. In other words, Pe was always much 

less than one (Pe ≪ 1 for all t) meaning diffusive transport always dominates.  

 

We considered difference choices of A and L, but for any physically reasonable choice 

of A and L, Pe was always less than one for the whole transient. This result suggest that 

osmosis in permeable membranes is a diffusion dominated process. However, this 

dominance of diffusive transport does not mean that convective phenomena like those 

described by Anderson and Malone could not be present on the pore-scale. This small 

Pe suggest that globally in the mode of transport is diffusive. 

 

The osmotic equilibrium time constant, τo 

The time constant related to the achievement of osmotic equilibrium of the μTM (in this 

case; or any system more generally), τo, plays an important role in the theory we have 

developed in this work. τo is the only time constant which affects the time-dependence 

of two terms in our theory (Eqn. 4.17). When τo ≪ τm, it dominates both the first and 

second terms in our theory (Eqn. 4.17). Under these conditions, τm plays no role in 

defining the time-dependence of the transient. When τo ≫ τm, τm dominates the first term, 

Figure 4.15: Representative plot of Pe(t). We calculate the Peclet number (Pe) as a function of time for 

the transient shown in Figure 4.6. 
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but τo still governs time-dependence of the second terms in our theory (Eqn. 4.17).  

 

This latter case is the one which applies in the urea, glucose and sucrose transients we 

observed. We demonstrated that the truncated transients we collected in this work are 

not sufficiently long to provide an accurate estimate of τo. Therefore, the only estimate 

we have of τo is the full glucose transient we observed. Based on the full forward and 

reverse transients, we estimate τo for glucose to be 560 ± 30 minutes. 

 

If we consider the case of a membrane diffusion cell at pseudo-steady state, we would 

find that τo should be given by the following: 

  (4.26) 

where Vc [m
2] is the volume of the cavity of the μTM, L [m] is the thickness of the 

membrane of the μTM, D [m2 s-1] is the diffusivity of the solute in water and A [m2] is 

the area available for flow.  

 

We note that this form of τo,PSS is consistent with a diffusion-dominated mode of 

transport as is suggested by our Pe calculations.  For glucose, we calculate τo,PSS ~ 35 

minutes. This calculated value is 1/16 of the value we obtained from fitting our theory 

to data (τo = 560 min).  

 

We note that, in pores as small as the pores in the μTM’s porous silicon membrane (on 

the order of nm), the magnitude of diffusion can be hindered relative to its bulk value. 

To obtain a value as high as we observe in our data (560 minutes), the diffusion we 

observe in the pores of the μTM would have to be ~6% of the bulk diffusion. This 6% 
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hinderance factor is plausible. A correlation in the literature116 which relates the 

hinderance factor to the ratio of the solute radius to the pore radius (i.e., λ = rs/rp) 

suggests that glucose (rs ~ 0.361 nm) flowing down the centerline of 1 nm pores would 

have a hindrance factor of 14%. Since solute flowing down the centerline of the pore 

should experience the least hinderance, a radially-averaged hinderance factor would be 

less and therefore, possibly close to the 6% value suggested by our data.  

 

If we take seriously Anderson and Malone’s theory, their expression for the reflection 

coefficient (σ; Eqn. 4.8) suggests that the reflection is a ratio of areas relating the whole 

area of the pore to the area of the core through which the solute can flow freely as 

follows: 

 
 

(4.27) 

where Ac and Ap [m
2] are the area of the core (i.e., the center of the pore able to be fully 

explored by hard sphere solutes) and pore. 

 

Since A in Eqn. 4.26, is the area accessible to flow and the solute can only flow through 

the core in Anderson and Malone’s model, we replace A as follows: 

 
 (4.28) 

In this expression, Ap is the total area of the pores in the membrane.  

For glucose, we estimate σ = 0.039 such that τo,A&M ~ 43 minutes. If we calculate the 

hinderance factor required for τo,A&M = τo, we get a value of ~8%. With only one data 

point, we cannot argue convincingly that τo,A&M is plausible. We note that this 

relationship between τo and σ is satisfying because it requires that as σ → 1, τo → ∞, 
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which seems intuitively reasonable. 

 

 

The reflection coefficient, σ 

The reflection coefficient is the parameter which moderates an osmotic pressure 

differences ability to generate flow in a system. The theory we propose suggests that 

this reflection process is not instantaneous, but rather it takes some time to initiate. If 

broadly applicable, our theory suggests that, initially, every membrane is semi-

permeable. As the reflection process begins, the reflection coefficient decreases the 

osmotic pressure difference experienced at the membrane. Our theory suggests that this 

process initiates with a time scale, τm. In contrast, Anderson and Malone’s theory of 

osmosis suggests that the reflection is a ratio of areas: one through which the solute can 

flow and the area of the whole pore. The simple expression they derive (Eqn. 4.8) allows 

us to calculate an effective pore size based on the reflection coefficient, σ, and the solute 

radius, rs. We calculate an effective pore size by plotting the reflection coefficient as a 

function of solute hydrodynamic radius and fitting Eqn. 4.8 to the data with rp as a fitting 

parameter. 

 

Figure 4.14b shows such a plot. For each solute, we used a reflection coefficient which 

was the average of all the values obtained by fitting our theory (Eqn. 4.18) to truncated 

transient data (like those seen in Figure 4.6). The fitted value for the effective pore size 

we obtained was 5.7±0.3 nm. If we take the pore radius of membrane of the μTM to be 

1.6±0.6 nm, an estimate based on previous flow experiments done on this type of porous 

silicon membrane as well as nitrogen absorption data and consistent with the value we 

obtained from our analysis of τc, we predict reflection coefficients larger than we 

observe (red solid line in Figure 4.14b). The grey regions surrounding each plotting of 
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Anderson and Malone’s expression for the reflection coefficient represents the upper 

and lower bounds of the pore size estimate. These grey regions disappear when rs/rp > 

1 because Anderson and Malone’s theory suggests that σ = 1 when rs/rp > 1. 

 

This pore size estimate is reasonable given that the version of Anderson and Malone’s 

theory we are considering only accounts for purely steric interactions. The larger than 

expected estimated pore size could suggest that attractive interactions between solutes 

and the pore walls. We note that the complex membrane architecture of the μTM could 

be affecting our results in ways that are difficult to predict. 

 

The time constant for the onset of reflection, τm 

The proposed time constant for the onset of reflection, τm, is the truly new part of theory 

we present here. As we mentioned previously, τm is the time scale on which the pressure 

at the membrane, ΔPm, decays form ΔΠ0 to σΔΠ0. The existence of this third time scale 

is suggested by our observation that the truncated osmotic transient data we present here 

seems to approach some non-zero value before eventually relaxing to ΔPc = 0. A 

reasonable question to ask would be the following: why has τm not been observed in 

previous studies of osmotic transients? As we discussed previously, we argue that, in 

previous studies, τc ~ τo ≫ τm such that Eqn. 4.17 becomes Eqn. 4.19.  

 

Another reasonable question to ask is the following: what sets τm? In other words, how 

can τm be estimated? One possible choice for τm would be the classical diffusion time 

scale: L2/D. Fig. 8c shows a plotting of the values of τm we obtained by fitting our theory 

to truncated transient for urea, glucose and sucrose as a function of solute diffusivity 

(blue points).  We fit L2/D (red line) to these data points with L as a free parameter. The 

value of L we obtain from this fitting is 70 ± 10 μm. 
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We note that 70 ± 10 μm is long to be the length of a boundary layer and that this value 

is close to 80 μm which is the longest length of porous silicon a liquid must pass through 

before reaching a vein directly connected to the cavity of the μTM. This section of 

porous silicon represents the hypothetical hydraulic resistor with the largest resistance. 

We speculate that the agreement between the L we calculate from this analysis and the 

longest length of porous silicon suggests that the largest hydraulic resistance in the 

system sets the time scale for the reflection process.  

 

Conclusion 

We have presented a MEMS osmometer called the μTM. Due to its small size, probe-

type design and well-defined, rigid, nano-porous, permeable membrane, the μTM 

represents a unique platform from which to study the osmotic transients of a permeable 

membrane. We have presented osmotic transient data which shows the pressure 

difference across the diaphragm of the μTM as solutes flow into (forward transients) 

and out of (reverse transients) the μTM. 

 

We observe two key features in these data: an extremum (a minimum in forward 

transients; a maximum in reverse transients) and a settling towards a non-zero pressure 

difference. Inspired by this observation, we derived a theoretical description of these 

transients which treated the μTM as a simple hydraulic RC circuit. This theory suggests 

that the reflection process captured by the reflection coefficient is a process which is 

realized on a time scale, τm. We do not claim to have fully elucidated the reflection 

process, rather we merely seek to make a record of our observation.   

 

We believe that our understanding of this process would benefit from additional studies 
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with the μTM. Additional studies could attempt to extend this work by doing some 

combination of the following: 1) capture more full (forward and reverse) transient data 

for urea, glucose and sucrose across a variety of concentrations; 2) expand this study to 

more uncharged solutes (e.g., higher molecular weight polysaccharides) and salts; 3) 

capture more full or truncated data for PEG to better understand how polymers differ 

from small molecules; 4) consider trying to visualize (possibly fluorescent) solutes in 

the μTM through its glass bottom surface; or, 5) repeat these experiments with a device 

with a different device architecture to confirm the relationship between τm and the 

diffusive time scale L2/D where L is the length of the hydraulic resistor with the highest 

resistance.  

 

While the reflection process may seem to be just a curiosity, we believe understanding 

this process better will enable us to design new and better membranes and membrane 

processes.  
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Supporting Information 

Raw data and fits of theory to forward transients for urea, glucose and sucrose datasets 

For brevity in the main text of the chapter, we omitted the plots of raw transient data 

and the fits to the truncated forward transients as well as the tabulated values obtained 

from these fittings. We present these plots and data here. 
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Urea data 

Figure 4.16: Urea datasets. (a) Complete datasets. The microtensiometer (μTM) is submerged 

in deionized water to the left and right of the dashed lines. Between the dashed lines, the μTM is 

in the solution indicated by the label to the left of the plots. (b) forward transient data with 

fitting of two time constant theory. We fit the two time constant theory (Eqn. 4.18 - red curves) to 

the forward transient data (between the dashed lines in (a)). (i) 5.95 m [mol urea (kg water)-1] 

urea solution (Π = 40.6 bar). (ii) 8.26 m urea solution (Π = 56.1 bar). (iii) 11.56 m urea 

solution (Π = 76.7 bar). (iv) 14.86 m urea solution (Π = 96.9 bar). 
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Table 4.4: Summary of values obtained by fitting two time constant theory to truncated forward osmotic 

transients for urea solutions.  

Solute Urea 

Solution osmotic 

pressure, 

Πs [bar] 

41±2 56±2 77±2 97±2 

Characteristic time 

constant, 

τc [min] 

0±3 0±10 0±10 0±10 

Reflection time 

constant, 

τm x 101 [min] 

0.2±0.7 0±1 0±1 0±2 

Reflection 

coefficient, 

σ x 102 

1±1 0.7±0.9 0.9±0.6 1±2 
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Glucose data 

Figure 4.17: Glucose datasets. (a) Complete datasets. The microtensiometer (μTM) is 

submerged in deionized water to the left and right of the dashed lines. Between the dashed lines, 

the μTM is in the solution indicated by the label to the left of the plots. (b) forward transient data 

with fitting of two time constant theory. We fit the two time constant theory (Eqn. 4.18 - red 

curves) to the forward transient data (between the dashed lines in (a)). (i) 7.50 m [mol glucose 

(kg water)-1] glucose solution (Π = 18.8 bar). (ii) 18.33 m glucose solution (Π = 47.8 bar). (iii) 

22.16 m glucose solution (Π = 71.9 bar). (iv) 30.00 m glucose solution (Π = 100.1 bar). 
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Table 4.5: Summary of values obtained by fitting two time constant theory to truncated forward osmotic 

transients for glucose solutions. 

Solute Glucose 

Solution osmotic 

pressure, 

Πs [bar] 

19±2 48±2 72±2 100±2 

Characteristic time 

constant, 

τc [min] 

0±10 4±4 4±3 5±2 

Reflection time 

constant, 

τm x 101 [min] 

2±4 2±1 2±1 2.1±0.7 

Reflection 

coefficient, 

σ x 102 

2±2 1.7±0.6 1.5±0.4 1.2±0.3 
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Sucrose data 

Figure 4.18: Sucrose datasets. (a) Complete datasets. The microtensiometer (μTM) is 

submerged in deionized water to the left and right of the dashed lines. Between the dashed lines, 

the μTM is in the solution indicated by the label to the left of the plots. (b) forward transient data 

with fitting of two time constant theory. We fit the two time constant theory (Eqn. 4.18 - red 

curves) to the forward transient data (between the dashed lines in (a)). (i) 15.40 m [mol sucrose 

(kg water)-1] sucrose solution (Π = 25.1 bar). (ii) 27.73 m sucrose solution (Π = 51.2 bar). (iii) 

38.51 m sucrose solution (Π = 75.4 bar). (iv) 46.21 m sucrose solution (Π = 96.3 bar). 
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Table 4.6: Summary of values obtained by fitting two time constant theory to truncated forward osmotic 

transients for sucrose solutions 

Solute Sucrose 

Solution osmotic 

pressure, 

Πs [bar] 

25±2 51±2 75±2 96±2 

Characteristic time 

constant, 

τc [min] 

3±4 5±2 7±2 7±2 

Reflection time 

constant, 

τm x 101 [min] 

2±3 5±2 5±1 5±1 

Reflection 

coefficient, 

σ x 102 

3±1 3.1±0.5 2.5±0.3 2.0±0.2 

 

 

Calculating microtensiometer hydraulic capacitance 

As discussed in the main text, the hydraulic capacitance of microtensiometer (μTM) is 

one factor which contributes its characteristic time scale. The hydraulic capacitance of 

μTM is given by: 

  (4.29) 

where C [m3 Pa] is the hydraulic capacitance of the μTM, VμTM [m3] is the volume of 

liquid in the μTM, Keff, Kw and Kd [Pa] are the effective bulk modulus, and the bulk 

moduli of water (2.2 GPa) and the diaphragm of the μTM. To obtain an estimate of C, 

we need estimates of the two μTM specific parameter in Eqn. 4.29: VμTM and Kd.    

 

Deformation of a rectangular diaphragm 

Before we can estimate the bulk modulus of the μTM’s diaphragm, we need an 
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expression for the deformation of the diaphragm as a function of pressure. As discussed 

in the main text, the μTM has a rectangular diaphragm. Blasquez et. al. propose the 

following expression for the deformation of a rectangular diaphragm117: 

  (4.30) 

where ω [m] is the deformation of the diaphragm, a and b [m] are the length and width 

of the diaphragm (in this case – a = 1 mm and b = 2 mm silicon), E [Pa] is the Young’s 

modulus of the diaphragm material (in this case – 107 GPa for silicon), v [-] is the 

Poission’s ratio for the diaphragm material (in this case – 0.27 for silicon), td [m] is the 

thickness of the diaphragm (in this case – 297 μm), ΔPc [Pa] is the pressure difference 

across the diaphragm, k(r) and kij(r) [-] are geometry dependent constants, r = b/a, n [-] 

is a positive even integer (i.e., 0, 2, 4,…), and x and y [m] are the spatial position on the 

diaphragm defined with  𝑎/ ≤ 𝑥 ≤ 𝑎/  and  𝑏/ ≤ 𝑦 ≤ 𝑏/ . 

  

Blasquez et. al. report the geometric constants (k(r) and kij up to i,j = 4) needed for Eqn. 

4.30 with r = 2. 

 

As we will show later, we are interested in the volume decrease (or increase) which 

results from the diaphragm deformation, Vd [m
3]. We can obtain an expression for Vd 

by integrating Eqn. 4.30 over x and y. Mathematically, 

 

 
(4.31) 

It can be shown that the result of this integration is the product of a constant (we call I) 

and a and b such that Eqns. 4.30 & 4.31 become: 

  (4.32) 
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We calculate I ~ 20.8. 

Eqn. 4.32 predicts that the deformed volume of the diaphragm is about 42 pL (10-12 L) 

per bar (105 Pa) of ΔPc. 

 

Bulk modulus of a rectangular diaphragm 

By definition, the bulk modulus of a material is defined as: 

  (4.33) 

where K [Pa] is the bulk modulus of the material, P [Pa] is the pressure applied to the 

material, and V [m3] is the volume occupied by the material. For the diaphragm of the 

μTM, we treat the volume as a superposition of the volume of the cavity under the 

diaphragm, Vc, and the deformed volume, Vd. We rewrite Eqn. 4.33 for the specific case 

of the μTM: 

 
 (4.34) 

Here, we have made two simplifying assumptions: 1) Vc ≫ Vd such that Vd can be 

neglected and, 2)  Vc ≠ f (ΔPc).  

 

We combine Eqns. 4.32 and 4.34 to obtain an expression of the bulk modulus of the 

diaphragm of the μTM: 

  (4.35) 

where hc [m] is the depth of the cavity (in this case – 3 μm). We note that we have taken 

the absolute value of Eqn. 4.35. For the 1 mm x 2 mm diaphragm of the μTM, we 

estimate a bulk modulus of 14.1 MPa. 
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Volume of liquid in the microtensiometer 

The volume of liquid in the microtensiometer (μTM) is the sum of the liquid in the 

cavity, veins and porous silicon (PoSi). 

  (4.36) 

Figure 4.19a shows a screenshot of the CAD file used to generate the masks used to 

fabricate the microtensiometer. We used the dimensions of the features seen in this 

screenshot along with the nominal depth of the cavity and veins (hc ~ 3 μm), depth of 

the PoSi (hPoSi ~ 5 μm), and porosity (ϕ ~ 0.45) to estimate Vc, Vveins, and VPoSi. With 

these values, we estimate the total liquid volume of the μTM to be ~ 36 nL (10-9 L). 

 

 

Estimated microtensiometer Capacitance 

We insert our estimates of VμTM and Kd into Eqn. 4.29 to obtain an estimate of the 

capacitance of the microtensiometer (μTM). We find a value of 2.6 fL Pa-1 (10-15 L Pa-

1) for the capacitance of the microtensiometer. 

Figure 4.19:CAD images of microtensiometer masks for determining dimensions. i) Whole 

microtensiometer. The lengths of the lines (in μm) in the diagram are as follows: a = 2000, b = 1000, c 

= 1000, d = 4500, e = 1860, f = 1670, g = 1560, h = 100, i = 420, k = 20, j = 80 and l = 390. Each of 

the veins in 10 μm-wide. ii) close-up of the repeating vein pattern with the hypothetical hydraulic 

resistors outlined.  
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Calculating microtensiometer resistance 

To calculate an effective resistance for the microtensiometer (μTM), we consider 

Figure 4.19b which shows a screenshot of the CAD file used to generate the masks 

used to fabricate the microtensiometer. From this screenshot, we envision that the liquid 

follows the following path to move from the edge of the porous silicon (PoSi) to the 

cavity: moves through the PoSi at the edge of the μTM (R1) then either moves along the 

T structure through another segment of PoSi to a cavity vein (R3) or moves through 

another segment of PoSi to an inner T structure (R2) then across a segment of PoSi into 

a cavity vein (R3). This pathing suggests that R1 is in series with R3 and the sum of R2 

R3, which are in parallel. 

Mathematically, 

 
 (4.37) 

The factors of 10 and 18 in Eqn. 4.37 account for the repeated paths which exist in the 

structured membrane of the μTM. 

 The resistance of the individual ‘resistors’ (Ri where i = 1, 2, 3) is given by: 

  (4.38) 

where Ri [Pa s m-3] is the hydraulic resistance of the resistor, Li [m] is the length of PoSi 

through which the liquid must travel, κ [m2 Pa-1 s-1] is the permeability of the PoSi, Ai 

[m2] is the area accessible to flow, hc [m] is the depth of the vein, and Wi [m] is the 

width of the vein. We measured the necessary distances in the CAD program, and we 

obtain the following values reported in Figure 4.19a. 

 

From previous works which used pure water as the liquid in this type of PoSi, we 

estimate κ = 2 x 10-17 m2 Pa-1 s-1. For water, we estimate Reff  ~ 120 EPa s m-3 (1018 Pa s 
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m-3). 

 

 

For other liquids (e.g., aqueous solutions), we can estimate the permeability using 

Carman–Kozeny theory (Eqn. 4.23). 
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CHAPTER 5 

CONCLUSION 

 

Our objectives in this dissertation were to: 1) better understand the operation of the μTM 

in the laboratory environment; and 2) use the μTM as a tool to elucidate water-related 

phenomena. In completing the studies discussed, we accomplished the following: 

1. We critically reviewed the working principles and current state of development 

of electrically-, temperature-, and pressure-based technologies for measuring the 

energetic state of water.  

2. We demonstrated that the μTM can make ex-situ and in-situ water potential 

measurements of binary aqueous solutions which agree with a chilled mirror 

hydrometer. Further, we showed that the μTM can make similar measurements 

in complex aqueous samples such as foods and culturing cells. This result is 

significant because, to our knowledge: 1) there is no other sensor capable of 

making in-situ water potential measurement in samples like these; and 2) this 

data represents the first time a tensiometer has used to measure the water activity 

in contexts outside of soils.  

3. We collected osmotic transient data with the μTM on a series of four aqueous 

binary solutions and developed a theory to describe these transients. This theory 

connects the osmotic transients to pore-scale properties and time scales, not 

previously associated with one another. The transients and theory together 

suggest there is a time scale – not previously documented in literature –

associated with the onset of the reflection process, whereby solutes begin to 

penetrate the membrane.  
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 Limitations of the research 

The measurement system we developed for ex-situ water potential measurements could 

be improved by: 1) actively controlling the μTM temperature and well as the 

temperature of the measurement system to minimize the temperature difference between 

the μTM and the sample; 2) simplifying and better engineering sample (un)loading; and 

3) increasing the surface area between the base and the top of the measurement system 

to insure full thermal equilibrium. 

 

The measurement system we developed for in-situ water potential measurements could 

be improved by: 1) improving temporary (or, developing permanent) attachment of caps 

to the μTM; and, 2) finding an encapsulant with better resists the permeation of water 

and solutes.  

 

Our study of osmotic transients was hindered by the complex membrane architecture of 

the μTM. This complex membrane architecture added a level of ambiguity to the 

interpretation and selection of length scales in our analysis. Our ability to interpret the 

dynamics of full osmotic transients was limited by the amount of time required to collect 

full transient datasets. Collecting more full transients would have allowed us to make 

stronger statements about the relationship between the time scale for osmotic 

equilibrium and the reflection coefficient. Our study would also have benefited from a 

deeper review of the vast literature which exists on osmosis. The community would 

benefit from a clear, concise summary of the state of our understanding of osmosis and 

current disputed theories. 

  

Implications & future directions 

Our development of methods for making ex-situ and in-situ water potential 
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measurements with the μTM enables more in-depth studies of water potential in specific 

contexts. The in-situ water potential measurement could prove to be particularly useful. 

For example, in the bioprocessing contexts, the μTM could be used to track the 

accumulation of a bioproduct exuded by a cell culture or possibly even the proliferation 

of cells. However, this suggestion is purely conjecture; truly understanding the full 

implications of an in-situ water potential sensor for bioprocessing would require 

additional research. In the concrete context, the μTM could be used to track the suction 

pressure or the full water potential within the curing concrete to better understand the 

role water plays in the curing process. Measurement of the suction pressure could prove 

difficult due to the need to expose the membrane of the μTM to the highly basic 

environment of wet concrete. Additional studies in concrete may not be industrially 

relevant without more industry buy-in to monitoring the curing process. In foods, we 

could imagine using the μTM to track the aging process in cheeses. Though, we are not 

sure if such a study would be interesting or needed, or if the range of water potentials 

involved would exceed the range of the μTM.  

 

The ex-situ water potential measurement methods we developed could be used to create 

a benchtop unit similar to freezing point osmometers or dew point hygrometers. The 

major challenge towards pursuing this type of application would be preventing the μTM 

from caviating due to exposure to dry ambient air.  

 

Our osmotic transient experiments imply that there is a time scale associated with the 

reflection process. If this time scale could be better understood and manipulated, we 

could imagine that it could be used to design membranes which could aid in the delayed 

release of a chemical species of interest. Initially, the membrane would act as a semi-

permeable membrane with respect to the chemical species of interest, not allowing it to 
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be dispersed into some bulk fluid. As the reflection time scale elapses, the chemical 

species of interest would be released. If the time scale of the onset of reflection was long 

enough, one could imaging exploited it in a scheme where solution was only allowed to 

flow through the membrane for a short period of time less than time scale of the onset 

of reflection. This fluid would be nearly pure solvent. 

 

Final remarks 

The centerpiece of this dissertation was a new tool called a μTM. We have argued that 

the μTM is useful both as a research tool and research platform. As a tool, the μTM can 

measure the energetic state of water in a variety of phases at degrees of hydration close 

to saturation. As a research platform, the design of the μTM makes it a useful 

microlaboratory to study pore-scale, solvent-mediated interactions between solutes and 

a rigid, well-defined membrane. Whether as tool or experimental platform, we believe 

the μTM to be an exciting piece of technology to help us better understand the role water 

plays in so many aspects of life as we know it. 
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APPENDIX 

CR6 Program for μTM data acquisition and PID control 
'CR6 Series Datalogger 
 
'Program author: Winston L. Black II (wlb62) 
'Date last updated: 09/07/2019 
 
'Declarations 
'------------ 
 
'Channels 
Const current_direct_relay = C2 
Const PWM_relay = C1 
 
'Control Characteristics 
Public Tsp As Float = 25.0 ' Set point temperture for the Peltier module to maintain 
Const loop_time = 1000 ' Sample rate in mSec 
 
'Block PRT Parameters 
Const R_0_block = 100 
 
'uTM WSB Parameters 
Public S_T = -0.00564275419976 
Public S_P = 1 
Public V_25 = -0.397132939531 
 
'uTM PRT Parameters 
Public aPRT = 0.00191738603384 
Public R_25 = 3877.86578676 
 
'Block PRT Measurements 
Public R_block As Float 
Public T_block As Float 
 
'uTM Measurements 
Public R_uTM As Float 
Public T_uTM As Float 
Public FullBr As Float 
Public P As Float 
Public FullBr_r As Float 
Public P_r As Float 
Public dT_block_uTM As Float 
 
' PID Constants 
Public Kp As Float = 100 
Public Ki As Float = 5 
Public Kd As Float = 0 
 
'PID terms 
Public PID_state As Long = 1 ' 1 = on; 2 = off 
Public Pro As Float 
Public I As Float 
Public D As Float 
Public duty As Long 
Public out As Float = 50 
Public old_out As Float 
Public delta_out As Float 
Public error As Float 
Public last_error As Float = 0 
 
'Define output Data Tables 
DataTable (Test,1,-1)  
  DataInterval (0,loop_time * 20,mSec,10) 
  Sample (1,Tsp,FP2) 
  Average (1, T_block, IEEE4, False) 
  Average (1, out, Long, False) 
  Average (1, FullBr, IEEE4, False) 
  Average (1, P, IEEE4, False) 
  Average (1, R_uTM, IEEE4, False) 
  Average (1, T_uTM, IEEE4, False) 
  Average (1, FullBr_r, IEEE4, False) 
  Average (1, P_r, IEEE4, False) 
 
EndTable 
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'Define Subroutines 
 
Sub relay_direction () ' This sub controls the direction of the current through the 
Peltier module 
  If SGN(out) = 1 Then ' decision based on the sign of the output from the PID algorithm 
    ' turn relay off 
    PortSet ( current_direct_relay, 0, 1) 
  Else 
    ' turn relay on 
    PortSet ( current_direct_relay,1, 1) 
  EndIf 
 
End Sub 
 
Sub PID_control () 
 
  old_out = out ' update last output 
 
  Pro = Kp * (error - last_error) ' the proportional contribution to the PID control 
algorithm 
  I =  Ki * error ' the integral contribution to the PID control algorithm 
  D = Kd * (error - last_error)/loop_time ' the derivative contribution to the PID 
control algorithm 
  delta_out = Pro + I + D ' calculating the change in the output based on current error 
  out = out + delta_out ' calculate the new output 
  If ABS(out) > 100 Then out = SGN(out) * 100 ' limit the output to 100 or -100 
  Call relay_direction() ' change the direction of electrical current flow through the 
Peltier module 
 
  duty = ABS(Round(out,0)) ' Round the PWM duty to the nearest interger 
 
  PWM (duty/100,PWM_relay,200,mSec) ' Set the PWM setting on the CR6 to deliver the 
right power to the Peltier module 
 
  last_error = error 'update last_error 
End Sub 
 
'Main Program 
BeginProg 
  PortSet ( C3,1, 1) 
  PortPairConfig(C1,1) 
 
  Scan (loop_time,mSec,0,0) 
 
    'Mesurements 
    BrFull (FullBr,1,mV1000,U1,U3,1,500,True ,True ,0,60,1.0,0) ' Measure voltage across 
the uTM WSB  
    Resistance (R_block,1,mV200,U5,U4,1,500,True ,True ,0,60,1.0,0) ' Measure the 
resistance of the commerical PRT in the block 
    PRTCalc (T_block,1,R_block/R_0_block,1,1.0,0) ' Calculate the temperature in the 
block based on the resistance of the commerical PRT in the block 
    BrFull (FullBr_r,1,mV1000,U7,U3,1,500,True ,True ,0,60,1.0,0) ' Measure voltage 
across the reserve uTM WSB  
    Resistance (R_uTM,1,mV5000,U9,U11,1,200,True ,True ,0,60,1.0,0) ' Measure voltage 
across the reserve uTM WSB  
    T_uTM=(R_uTM/R_25-1)/aPRT + 25 ' Calculate the temperature in the uTM based on the 
resistance of its PRT  
    P=(FullBr-V_25-S_T*(T_uTM-25))/S_P ' Calculate the pressure in the cavity of the uTM 
based on the voltage of its WSB and temperature of the uTM 
    P_r=(FullBr_r-V_25_r)/S_P_r ' Calculate the pressure in the cavity of the reserve 
uTM based on the voltage of its WSB 
 
    dT_block_uTM = T_uTM - T_block ' Calculate the temperature difference between the 
block and uTM PRTs 
    error = T_block - Tsp ' Calculate the error between the block and set point 
temperatures 
 
 ' This structure is used to turn the temperature control system on and off 
    If PID_state = 1 Then 
   ' Temperature control on 
      Call PID_control() 
    Else 
   ' Temperature control off 
      PortSet ( current_direct_relay,0, 1) ' turn current direction relay off 
      PWM (0,PWM_relay,200,mSec) ' Turn PWM off  
    EndIf 
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    CallTable Test ' send data to the data table 
 
  NextScan 
 
EndProg 

 

  



 

170 

 

REFERENCES 

(1)  NASA. Follow the Water: Finding a Perfect Match for Life 
https://www.nasa.gov/vision/earth/everydaylife/jamestown-water-fs.html. 

(2)  Chaplin, M. F. Water: Its Importance to Life. Biochem. Mol. Biol. Educ. 2001, 
29 (2), 54–59. https://doi.org/10.1016/S1470-8175(01)00017-0. 

(3)  Mayo Clinic. Functions of water in the body 
https://www.mayoclinic.org/healthy-lifestyle/nutrition-and-healthy-
eating/multimedia/functions-of-water-in-the-body/img-20005799 (accessed Jun 
9, 2019). 

(4)  Franks, F. Origin and Distribution of Water in the Ecosphere: Water and 
Prehistoric Life. In Water: A matrix of Life; Royal Society of Chemistry, 2000; 
pp 1–8. 

(5)  Vigdis, T.; Lise, Ø. Microbial Diversity and Function in Soil: From Genes to 
Ecosystems. Curr. Opin. Microbiol. 2002, 5 (3), 240–245. 
https://doi.org/10.1016/S1369-5274(02)00324-7. 

(6)  Merrill, G. P. On the Formation of Stalactites and Gypsum In-Crustations in 
Caves. Proc. United States Natl. Museum 1893. 

(7)  Lamb, M. P.; Fonstad, M. A. Rapid Formation of a Modern Bedrock Canyon by 
a Single Flood Event. Nat. Geosci. 2010, 3 (7), 477–481. 
https://doi.org/10.1038/ngeo894. 

(8)  Gleick, P. H. Basic Water Requirements for Human Activities: Meeting Basic 
Needs. Water International. 1996, pp 83–92. 

(9)  Pimentel, D.; Houser, J.; Preiss, E.; White, O.; Fang, H.; Barsky, T.; Tariche, S.; 
Schreck, J.; Alpert, S.; Mesnick, L. Water Resources : Agriculture , and Society 
Environment , An Assessment of the Status of Water Resources. Bioscience 
2008, 47 (2), 97–106. 

(10)  U.S. Energy Information Adminstration. How much electricity does an American 
home use? https://www.eia.gov/tools/faqs/faq.php?id=97&t=3. 

(11)  Pagay, V.; Santiago, M.; Sessoms, D. a; Huber, E. J.; Vincent, O.; Pharkya, A.; 
Corso, T. N.; Lakso, A. N.; Stroock, A. D. A Microtensiometer Capable of 
Measuring Water Potentials below -10 MPa. Lab Chip 2014, 14 (15), 2806–2817. 
https://doi.org/10.1039/c4lc00342j. 

(12)  Stroock, A. D.; Pagay, V. V.; Zwieniecki, M. a.; Michele Holbrook, N. The 
Physicochemical Hydrodynamics of Vascular Plants. Annu. Rev. Fluid Mech. 
2014, 46 (1), 615–642. https://doi.org/10.1146/annurev-fluid-010313-141411. 

(13)  Santiago, M. TRANSPORT AND THERMODYNAMICS OF WATER IN THE 
BIOSPHERE, 2016. 

(14)  Zhu, S. IN-PLANT APPLICATIONS OF A MICRO-TENSIOMETER WATER 
STRESS SENSOR, 2017. 

(15)  Dufour, D. R. Osmometry. In American Association for Clinical Chemistry 
Meeting; Advanced Instruments, Inc., 1993; pp 1–36. 

(16)  Blandamer, M. J.; Engberts, J. B. F. N.; Gleeson, P. T.; Reis, J. C. R. Activity of 
Water in Aqueous Systems; a Frequently Neglected Property. Chem. Soc. Rev. 
2005, 34 (5), 440–458. https://doi.org/10.1039/b400473f. 

(17)  Schiraldi, A.; Fessas, D.; Signorelli, M. Water Activity in Biological Systems - 
A Review. Polish J. Food Nutr. Sci. 2012, 62 (1), 5–13. 
https://doi.org/10.2478/v10222-011-0033-5. 

(18)  Troller, J. A.; Christian, J. H. B. Water Activity and Food; Academic Press: New 
York, 1978. 

(19)  Carter, B. B.; Fontana, A. Water Activity: The Key to Pet Food Quality and 
Safety. Decagon Devices 1995. 



 

171 

 

(20)  Fontana Jr, A. J. Understanding the Importance of Water Activity in Food. Cereal 
Foods World 2000, 45 (1), 7–10. 

(21)  Abdullah, N.; Nawawi, A.; Othman, I. Fungal Spoilage of Starch-Based Foods 
in Relation to Its Water Activity (a(W)). J. Stored Prod. Res. 2000, 36 (1), 47–
54. https://doi.org/10.1016/S0022-474X(99)00026-0. 

(22)  Ayerst, G. The Effects of Moisture and Temperature on Growth and Spore 
Germination in Some Fungi. J. Stored Prod. Res. 1969, 5 (2), 127–141. 
https://doi.org/10.1016/0022-474X(69)90055-1. 

(23)  Hosansky, D. Humidity: Is It All Relative? 
https://weather.com/wunderground/news/news/humidity-is-it-all-relative. 

(24)  Nobel, P. S. Physicochemical and Environmental Plant Physiology, 4th ed.; 
Amsterdam ; Boston, 2009. 

(25)  Sweeney, T. E.; Beuchat, C. a. Limitations of Methods of Osmometry: Measuring 
the Osmolality of Biological Fluids. Am. J. Physiol. 1993, 264, R469–R480. 

(26)  Smith, J. M.; Van Ness, H. C.; Abbott, M. M. The First Law and Other Basic 
Concepts. In Introduction to Chemical Engineering Thermodynamics; pp 21–44. 

(27)  Smith, J. M.; Van Ness, H. C.; Abbott, M. M. Solution Thermodynamics: Theory. 
In Introduction to Chemical Engineering Thermodynamics. 

(28)  Slatyer, R. O. Terminology in Plant- and Soil-Water Relations. Nature 1960, 187, 
922–924. https://doi.org/10.1038/scientificamerican0268-74. 

(29)  Fleming, W. J. A Physical Understanding of Solid State Humidity Sensors. SAE 
Tech. Pap. Ser. 2010, 1. https://doi.org/10.4271/810432. 

(30)  Farahani, H.; Wagiran, R.; Hamidon, M. N. Humidity Sensors Principle, 
Mechanism, and Fabrication Technologies: A Comprehensive Review; 2014; 
Vol. 14. https://doi.org/10.3390/s140507881. 

(31)  Roveti, D. Choosing a Humidity Sensor: A Review of Three Technologies 
https://www.sensorsmag.com/components/choosing-a-humidity-sensor-a-
review-three-technologies. 

(32)  Lawrence, M. G. The Relationship between Relative Humidity and the Dewpoint 
Temperature in Moist Air: A Simple Conversion and Applications. Bull. Am. 
Meteorol. Soc. 2005, 86 (2), 225–233. https://doi.org/10.1175/BAMS-86-2-225. 

(33)  Schmitz, K. S. Quantum Principles. In Physical Chemistry: Concepts and 
Theory; 2019; pp 291–356. 

(34)  Boyer, J. S. Thermocouple Psychrometry. In Measuring the water status of plants 
and soils; Academic Press, Inc., 1995; pp 49–102. 

(35)  Briscoe, R. THERMOCOUPLE PSYCHROMETERS FOR WATER 
POTENTIAL MEASUREMENTS. In Advanced Agricultural Instrumentation: 
Design and Use; 1986; pp 193–209. 

(36)  Devices, D. WP4C Dew Point PotentiaMeter Operator’s Manual. 2013, p 57. 
(37)  Zumdahl, S. S.; Zumdahl, S. A. Boiling-Point Elevation and Freezing-Point 

Depression. In Chemistry; 2003. 
(38)  Advanced Instruments Inc. Theory of Freezing Point Depression 

https://www.aicompanies.com/education/osmolality/theory-of-freezing-point-
depression/. 

(39)  Scholander, P. F.; Hammel, H. T.; Bradstreet, E. D.; Hemmingsen, E. A. Sap 
Pressure in Vascular Plants. Science (80-. ). 1965, 148 (3668), 339–346. 

(40)  DIXON, M. A.; TYREE, M. T. A New Stem Hygrometer, Corrected for 
Temperature Gradients and Calibrated against the Pressure Bomb. Plant. Cell 
Environ. 1984, 7 (9), 693–697. https://doi.org/10.1111/1365-3040.ep11572454. 

(41)  Lidon, P.; Perrot, E.; Stroock, A. D. Multi-Phase, Non-Isothermal Transfer of 
Water in a Simple Geometry. arXiv 2019, 10. 

(42)  Fontana, A. J. A Water Activity of Saturated Salt Solutions. 391–393. 



 

172 

 

(43)  Nordic Sugar. The Functional Properties of Sugar. 2012, 52. 
(44)  Grattoni, A.; Canavese, G.; Montevecchi, F. M.; Ferrari, M.; Meccanica, D.; 

Torino, P.; Duca, C.; Foundation, B. Fast Membrane Osmometer as Alternative 
to Freezing Point and Vapor Pressure Osmometry. Anal. Chem. 2008, 80 (7), 
2617–2622. 

(45)  Boyer, J. S. Leaf Water Potentials Measured with a Pressure Chamber. Plant 
Physiol. 1967, 42, 133–137. 

(46)  Omega Engineering. Temperature probes 
https://www.omega.co.uk/temperature/z/thermocouple-RTD.html. 

(47)  Honeywell. Model Super TJE Ultra Precision Pressure Transducer. 2008, 1–5. 
(48)  Araus, J. L.; Cairns, J. E. Field High-Throughput Phenotyping: The New Crop 

Breeding Frontier. Trends Plant Sci. 2014, 19 (1), 52–61. 
https://doi.org/10.1016/j.tplants.2013.09.008. 

(49)  Whalley, W. R.; Leeds-Harrison, P. B.; Joy, P.; Hoefsloot, P. Time Domain 
Reflectometry and Tensiometry Combined in an Integrated Soil Water 
Monitoring System. J. agric. Engng Res. 1994, 59, 141–144. 

(50)  Vaz, C.; Hopmans, J. Soil Water Retention Measurements Using a Combined 
Tensiometer-Coiled Time Domain Reflectometry Probe. Soil Sci. Soc. Am. J. 
2002, 66, 1752–1759. 

(51)  Baumgartner, N.; Parkin, G. W.; Elrick, D. E. Soil Water Content and Potential 
Measured by Hollow Time Domain Reflectometry Probe. Soil Sci. Soc. Am. J. 
1994, 58 (2), 315–318. 

(52)  Sun, Y.; Ren, S.; Ren, T.; Minasny, B. A Combined Frequency Domain and 
Tensiometer Sensor for Determining Soil Water Characteristic Curves. Soil Sci. 
Soc. Am. J. 2010, 74 (2), 492. https://doi.org/10.2136/sssaj2009.0047n. 

(53)  Ozturk, S. S.; Palsson, B. P. Effect of Medium Osmolarity on Hybridoma 
Growth, Metabolism, and Antibody Production. 1991, 37, 989–993. 

(54)  Wucherpfennig, T.; Hestler, T.; Krull, R. Morphology Engineering - Osmolality 
and Its Effect on Aspergillus Niger Morphology and Productivity. Microb. Cell 
Fact. 2011, 10, 1–15. https://doi.org/10.1186/1475-2859-10-58. 

(55)  Kosmatka, S.; Panarese, W. Design and Control of Concrete Mixes; Portland 
Cement Association: Skokie, Ill, 1988. 

(56)  Albert, B.; Guy, B.; Damidot, D. Water Chemical Potential: A Key Parameter to 
Determine the Thermodynamic Stability of Some Hydrated Cement Phases in 
Concrete? Cem. Concr. Res. 2006, 36 (5), 783–790. 
https://doi.org/10.1016/j.cemconres.2005.12.016. 

(57)  Disalvo, E. A. Membrane Hydration; 2015; Vol. 71. https://doi.org/10.1007/978-
3-319-19060-0. 

(58)  Ahmed, E. M. Hydrogel: Preparation, Characterization, and Applications: A 
Review. J. Adv. Res. 2015, 6 (2), 105–121. 
https://doi.org/10.1016/j.jare.2013.07.006. 

(59)  Brinker, C. J.; Scherer, G. W. Sol-Gel Science; Academic Press, 1990. 
https://doi.org/10.1016/B978-0-08-057103-4.50013-1. 

(60)  Aziz, F.; Hassan Sayyad, M.; Sulaiman, K.; Majlis, B. H.; Karimov, K. S.; 
Ahmad, Z.; Sugandi, G. Influence of Humidity Conditions on the Capacitive and 
Resistive Response of an Al/VOPc/Pt Co-Planar Humidity Sensor. Meas. Sci. 
Technol. 2012, 23 (1). https://doi.org/10.1088/0957-0233/23/1/014001. 

(61)  Makkonen, L.; Laakso, T. Humidity Measurements in Cold and Humid 
Environments. Boundary-Layer Meteorol. 2005, 116 (1), 131–147. 
https://doi.org/10.1007/s10546-004-7955-y. 

(62)  Wescor Inc. Colloid Osmometer Model 4420 Operator & Service Manual. 
Colloid Osmom. Model 4420 Oper. Serv. Man. 2005. 



 

173 

 

(63)  Nabetani, H.; Nakajima, M.; Watanabe, A.; Ikeda, S. ichi; Nakao, S. ichi; 
Kimura, S. Development of a New Type of Membrane Osmometer. Journal of 
Chemical Engineering of Japan. 1992, pp 269–274. 
https://doi.org/10.1252/jcej.25.269. 

(64)  WULLSCHLEGER, S. D.; DIXON, M. A.; OOSTERHUIS, D. M. Field 
Measurement of Leaf Water Potential with a Temperature‐corrected in Situ 
Thermocouple Psychrometer. Plant. Cell Environ. 1988, 11 (3), 199–203. 
https://doi.org/10.1111/j.1365-3040.1988.tb01137.x. 

(65)  Enfield, C. G.; Hsieh, J. J. C. Application of Thermocouple Psychrometers to 
Soil Water Transport. Water Resour. Res. 1971, 7 (5), 1349–1353. 
https://doi.org/10.1029/WR007i005p01349. 

(66)  Brown, R. W. Measurement of Water Potential with Thermocouple 
Psychrometers; 1983. 

(67)  Visscher, G. J. W. Standard Psychrometers: A Matter of (p)References. Meas. 
Sci. Technol. 1995, 6, 1451–1461. 

(68)  Spanner, D. C. The Peltier Effect and Its Use in the Measurement of Suction 
Pressure. J. Exp. Bot. 1951, 2 (2), 145–168. https://doi.org/10.1093/jxb/2.2.145. 

(69)  Richards, L. a; Ogata, G. Thermocouple for Vapor Pressure Measurement in 
Biological and Soil Systems at High Humidity. Science 1958, 128 (3331), 1089–
1090. https://doi.org/10.1126/science.128.3331.1089. 

(70)  Gee, G.; Campbell, M.; Campbell, G.; Campbell, J. Rapid Measurement of Low 
Soil Water Potentials Using a Water Activity Meter. Soil Sci. Soc. Am. J. 1992, 
56 (August), 1068–1070. 
https://doi.org/10.2136/sssaj1992.03615995005600040010x. 

(71)  METER Group. T5 TENSIOMETER 
https://www.metergroup.com/environment/products/t5-tensiometer-water-
potential/. 

(72)  van der Ploeg, M. J.; Gooren, H. P. a.; Bakker, G.; Hoogendam, C. W.; Huiskes, 
C.; Koopal, L. K.; Kruidhof, H.; de Rooij, G. H. Polymer Tensiometers with 
Ceramic Cones: Direct Observations of Matric Pressures in Drying Soils. Hydrol. 
Earth Syst. Sci. 2010, 14 (10), 1787–1799. https://doi.org/10.5194/hess-14-1787-
2010. 

(73)  Bakker, G.; van der Ploeg, M. J.; de Rooij, G. H.; Hoogendam, C. W.; Gooren, 
H. P. A.; Huiskes, C.; Koopal, L. K.; Kruidhof, H. New Polymer Tensiometers: 
Measuring Matric Pressures Down to the Wilting Point. Vadose Zo. J 2007, 6 (1), 
196–202. https://doi.org/10.2136/vzj2006.0110. 

(74)  Vincent, O.; Zhang, J.; Choi, E.; Zhu, S.; Abraham, D.; Lyon, B.; Lumi, I.; 
Stroock, A. D.; Zhu, S.; Stroock, A. D. How Solutes Modify the 
Thermodynamics and Dynamics of Filling and Emptying in Extreme Ink-Bottle 
Pores. Langmuir 2019, 35, 2934–2947. 
https://doi.org/10.1021/acs.langmuir.8b03494. 

(75)  Nicholas, J. V.; White, D. R. Traceable Temperatures: An Introduction to 
Temperature Measurement and Calibration, Second.; 2001. 

(76)  Ellerton, H. D.; Dunlop, P. J. Activity Coefficients for the Systems Water-Urea 
and Water-Urea-Sucrose at 25° from Isopiestic Measurements. J. Phys. Chem. 
1966, 70 (6), 1831–1837. https://doi.org/10.1021/j100878a023. 

(77)  Scatchard, G.; Hamer, W. J.; Wood, S. E. Isotonic Solutions. I. The Chemical 
Potential of Water in Aqueous Solutions of Sodium Chloride, Potassium 
Chloride, Sulfuric Acid, Sucrose, Urea and Glycerol at 25°. J. Am. Chem. Soc. 
1938, 60 (12), 3061–3070. https://doi.org/10.1021/ja01279a066. 

(78)  Ninni, L.; Camargo, M. S.; Meirelles, A. J. A. Water Activity in Poly ( Ethylene 
Glycol ) Aqueous Solutions. Thermochim. Acta 1999, 328, 169–176. 



 

174 

 

(79)  Taylor, J. R. An Introduction to Error Analysis: The Study of Uncertainties in 
Physical Measurements, 2nd ed.; University Science books, 1997. 
https://doi.org/10.1088/0957-0233/9/6/022. 

(80)  Seiler, F. A. Error Propagation for Large Errors. Risk Anal. 1987, 7 (4), 509–518. 
(81)  Devore, J. L. Probability and Statistics for Engineering and the Sciences, 7th ed.; 

Brooks/Cole, 2009. 
(82)  A, A. (ICT I. PSY1 Stem Psychrometer 

http://www.ictinternational.com/products/psy1/psy1-stem-psychrometer/. 
(83)  Creative Commons. Attribution 2.0 Generic License 

https://creativecommons.org/licenses/by/2.0/. 
(84)  Creative Commons. Attribution-ShareAlike 3.0 United States License 

https://creativecommons.org/licenses/by-sa/3.0/us/. 
(85)  Creative Commons. Attribution-ShareAlike 4.0 International License 

https://creativecommons.org/licenses/by-sa/4.0/. 
(86)  Creative Commons. Attribution-ShareAlike 2.0 Generic 

https://creativecommons.org/licenses/by-sa/2.0/. 
(87)  Python Language Reference. 
(88)  Hunter, John D. Matplotlib: A 2D Graphics Environment. Comput. Sci. Eng. 

2007, 9 (3), 90–95. 
(89)  Travis, E. O. Python for Scientific Computing. Comput. Sci. Eng. 2007, 9 (3), 

10–20. 
(90)  Oliphant, T. E. Guide to NumPy; Trelgol Publishing, 2006. 

https://doi.org/10.1016/j.jmoldx.2015.02.001. 
(91)  Cooper, G. M. Cell Membranes. In The Cell: A Molecular Approach; Sinauer 

Associates, 2000. 
(92)  Kharaka, Y. K.; Berry, F. A. F. Simultaneous Flow of Water and Solutes through 

Geological Membranes-I. Experimental Investigation. Geochim. Cosmochim. 
Acta 1973, 37, 2577–2603. 

(93)  Neuzii, C. E. Osmotic Generation of “anomalous” Fluid Pressures in Geological 
Environments. Nature 2000, 403 (6766), 182–184. 
https://doi.org/10.1038/35003174. 

(94)  Baker, R. W. Overview of Membrane Science and Technology. In Membrane 
Technology and Applications; 2012; pp 1–14. 
https://doi.org/10.1002/9781118359686.ch1. 

(95)  Park, H. B.; Kamcev, J.; Robeson, L. M.; Elimelech, M.; Freeman, B. D. 
Maximizing the Right Stuff: The Trade-off between Membrane Permeability and 
Selectivity. Science (80-. ). 2017, 356 (6343), 1138–1148. 
https://doi.org/10.1126/science.aab0530. 

(96)  Kramer, E. M.; Myers, D. R. Five Popular Misconceptions about Osmosis. Am. 
J. Phys. 2012, 80 (8), 694–699. https://doi.org/10.1119/1.4722325. 

(97)  Hill, A. Osmosis: A Bimodal Theory with Implications for Symmetry. Proc. R. 
Soc. London. Ser. B 1982, 215 (1199), 155–174. 

(98)  Kedem, O.; Katchalsky, A. A Physical Interpretation of the Phenomenological 
Coefficients of Membrane Permeability. J. Gen. Physiol. 1961, 45 (1), 143–179. 
https://doi.org/10.1085/jgp.45.1.143. 

(99)  Wijmans, J. G.; Baker, R. The Solution-Diffusion Model: A Review. J. Memb. 
Sci. 1995, No. 107, 1–21. https://doi.org/10.1016/S0166-4115(08)60038-2. 

(100)  Anderson, J. L.; Malone, D. M. Mechanism of Osmotic Flow in Porous 
Membranes. Biophys. J. 1974, 14 (1), 957–982. 

(101)  Hill, A. E. Osmotic Flow and Solute Reflection Zones. J. Theor. Biol. 1972, 36 
(2), 255–270. https://doi.org/10.1016/0022-5193(72)90096-3. 

(102)  Hill, A. E. Osmotic Flow in Membrane Pores of Molecular Size. J. Membr. Biol. 



 

175 

 

1994, 137, 197–203. 
(103)  Hill, A. E. Osmotic Flow Equations for Leaky Porous Membranes. Proc. R. Soc. 

B Biol. Sci. 1989, 237 (1288), 369–377. https://doi.org/10.1098/rspb.1989.0055. 
(104)  Hill, A. Osmosis. Q. Rev. Biophys. 1979, No. 1979, 67–99. 
(105)  Laidler, K. J.; Shuler, K. E. The Kinetics of Membrane Processes. I. The 

Mechanism and the Kinetic Laws for Diffusion through Membranes. J. Chem. 
Phys. 1949, 17 (10), 851–855. https://doi.org/10.1063/1.1747076. 

(106)  Laidler, K. J.; Shuler, K. E. The Kinetics of Membrane Processes. II. Theoretical 
Pressure-Time Relationships for Permeable Membranes. J. Chem. Phys. 1949, 
17 (10), 856–860. https://doi.org/10.1063/1.1747077. 

(107)  Shuler, K. E.; Dames, C. A.; Laidler, K. J. The Kinetics of Membrane Processes. 
III. The Diffusion of Various Non-Electrolytes through Collodion Membranes. 
J. Chem. Phys. 1949, 17 (10), 860–865. https://doi.org/10.1063/1.1747078. 

(108)  Tung, L. H. The Problem of Osmometer Membranes Partially Permeable to the 
Solute. J. Polym. Sci. 1958, 32, 477–483. 

(109)  Gardon, J. L.; Mason, S. G. Osmotic Pressure Measurements with Solute-
Permeable Membranes. J. Polym. Sci. 1957, 26, 255–275. 

(110)  Vink, H. Osmotic Measurements with Solute Permiable Membranes. Arkiv for 
kemi. 1960, pp 149–169. 

(111)  SCHULTZ, S. G.; SOLOMON, A. K. Determination of the Effective 
Hydrodynamic Radii of Small Molecules by Viscometry. J. Gen. Physiol. 1961, 
44 (1), 1189–1199. https://doi.org/10.1085/jgp.44.6.1189. 

(112)  Bui, A. V.; Nguyen, H. M.; Joachim, M. Prediction of Water Activity of Glucose 
and Calcium Chloride Solutions. J. Food Eng. 2003, 57 (3), 243–248. 
https://doi.org/10.1016/S0260-8774(02)00304-7. 

(113)  Ribeiro, A. C. F.; Ortona, O.; Simo, S. M. N.; Valente, A. J. M.; Lobo, V. M. M.; 
Burrows, H. D. Binary Mutual Diffusion Coefficients of Aqueous Solutions of 
Sucrose , Lactose , Glucose , and Fructose in the Temperature Range from ( 298 
. 15 to 328 . 15 ) K. J. Chem. Eng. Data 2006, 51 (5), 1836–1840. 
https://doi.org/10.1021/je0602061. 

(114)  Devanand, K.; Selser, J. C. Asymptotic Behavior and Long-Range Interactions 
in Aqueous Solutions of Poly(Ethylene Oxide). Macromolecules 1991, 24 (22), 
5943–5947. https://doi.org/10.1021/ma00022a008. 

(115)  Vincent, O.; Szenicer, A.; Stroock, A. D. Capillarity-Driven Flows at the 
Continuum Limit. Soft Matter 2016, 12 (31), 6656–6661. 
https://doi.org/10.1039/c6sm00733c. 

(116)  Deen, W. M. Hindered Transport of Large Molecules in Liquid-Filled Pores. 
AIChE J. 1987, 33 (9), 1409–1425. https://doi.org/10.1002/aic.690330902. 

(117)  Blasquez, G.; Naciri, Y.; Blondel, P.; Ben Moussa, N.; Pons, P. Static Response 
of Miniature Capacitive Pressure Sensors with Square or Rectangular Silicon 
Diaphragm. Rev. Phys. Appliquée 1987, 22 (7), 505–510. 
https://doi.org/10.1051/rphysap:01987002207050500. 

 


