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Abstract: Transepidermal water loss (TEWL) is the rate of
water loss through skin, and is an indicator of skin barrier
function. This is important in medical care, in occupational
monitoring against skin damage, and in dermatological
research. TEWL is evaluated by measuring the water vapour
flux from the skin surface using instruments, which
incorporate relative humidity sensors. However, TEWL
instruments of different types can give results differing by as
much as 50 percent of reading, due to the lack of a
harmonised and traceable method of calibration. An
alternative calibration method for TEWL instruments has
been developed using evaporation of a droplet of water of
known mass. A variety of water vapour flux rates can be
generated, so that TEWL instruments can be calibrated at
several values in the range of operation.
This paper details the sources of uncertainty in TEWL
measurement and calibration, which vary slightly with
instrument type. An uncertainty analysis is presented for the
TEWL calibration process. Expanded uncertainties for
calibration can reduced to 10 % of reading at 10 g m-2 h-1,
and 4 % of reading at 50 g m-2 h-1, if suitable measurement
traceability is employed.

Although TEWL instruments are normally factory
calibrated, measurements routinely disagree significantly
between instruments, sometimes by large amounts, up to
50%, or even more. This undermines confidence in results,
particularly impairing the comparability of research studies
by different workers or organisations. By developing
methods for traceable calibration, which could be widely
adopted, confidence and benefit from TEWL measurements
can potentially be much increased.
2. TEWL INSTRUMENTS
Figure 1 illustrates four main methods of TEWL
measurement. All use cylindrical sensor heads of internal
diameter between 7 mm and 12 mm, which are open at the
end applied to skin.
Figure 1 (a) shows an “open chamber” type [1], open at both
ends, allowing free evaporation from the skin through the
chamber. The difference between relative humidity values at
two sensors at different heights in the chamber is used to
estimate the water vapour pressure gradient, and hence
water vapour flux.
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1. BACKGROUND
Transepidermal water loss (TEWL) is the rate of water loss
through skin, and is used as an indicator of skin barrier
function. This is important in medicine; in dermatological
research; and in occupational monitoring of skin damage.
Using TEWL measurements, increased skin water loss can
be detected early, before skin deterioration is advanced
enough to be visible, so making preventive action possible.
TEWL is evaluated by measuring the water vapour flux
from the skin surface using instruments that incorporate
relative humidity sensors. Healthy skin exhibits water loss
(through the skin, not by perspiration) typically in the range
from 10 g m-2 h-1 to 50 g m-2 h-1 or more, depending on site
around the body. TEWL values for damaged skin span a
higher range.
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Figure 1 - Schematic diagram of four different configurations of TEWL
instrument – (a) open chamber, (b) continuous flow chamber,
(c) condenser chamber, (d) closed unventilated chamber.
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Figure 1 (b) shows a ventilated “continuous flow”
instrument where the chamber is flushed with ambient air at
a controlled flow rate. Inlet and outlet tubes between the
sensor head and control unit are connected to a pump, and
the inlet and outlet relative humidities are measured. The
change in humidity corresponds to the water loss from the
skin being measured.
Figure 1 (c) shows a “condenser chamber” type [2],
featuring a relative humidity sensor, plus a peltier-cooled
surface and temperature sensor at the far end of the
chamber. The respective relative humidity and dew-point
temperature at the two locations are used to derive the
vapour pressure gradient, and hence the water vapour flux.
In this case the cold condensing surface is a sink for water
vapour, allowing steady-state flux to be measured
continuously.
Figure 1 (d) shows a “closed unventilated” chamber type [3]
(without an outlet or sink for water vapour). A single
relative humidity sensor measures the rate at which the
closed space fills with water vapour diffusing from the skin.
In this work, instruments of all these four types were used.
Figure 2 shows a photograph of the TEWL instruments
studied. In all cases, the sensor signals were processed with
internal calibration factors taking into account the crosssection of the chamber among other things, and resulting in
values of flux expressed in grams per square metre per hour
or in some cases in micrograms per square centimetre per
minute. Varying degrees of data-logging were incorporated.
All except the closed unventilated type provided continuous
measurement. For the work reported, an adapted version of
the closed unventilated instrument was provided, with direct
access to the continuous relative humidity readings.

This is used to provide a defined water vapour flux against
which a TEWL sensor can be calibrated. The flux rate can
be calculated from the membrane surface area together with
the change in weight of the assembly, but this requires
precision weighing over long periods, and stable room
conditions. It is also disputed whether the TEWL sensor
head perturbs the flux rate through the membrane at the
sensor location, leading to errors in calibrated values.
In practice, the manufacturers do calibrate TEWL
instruments by use of membranes and by other methods, but
the lack of agreement between results suggests that these
methods are not equivalent.
Previous work has attempted to develop a calibration
method using reference membranes of defined permeance,
the permeance being evaluated according to a published
standard method [4]. However, modelling has shown that
the diffusion resistance of the combined water-airmembrane system was not uniquely determined by the
permeance of the membrane. Hence, in this approach, a
calibrated membrane could not be an effective source of
traceability for measurements of water vapour flux.
An alternative traceable calibration method for TEWL
instruments has therefore been developed collaboratively
[5,6]. A schematic diagram is shown in Figure 3.
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Figure 3 – Schematic diagram of calibration configuration for TEWL
device. The greater the well depth, A, the lower the flux rate.

Figure 2 – Photograph of four different types of TEWL device studied

3. CALIBRATION METHOD
There are existing methods for calibration of TEWL
instruments. In the “membrane method”, a nominally
constant water vapour flux passes through vapourpermeable membrane sealed across a container of water.

A water droplet of known volume (typically 1 µl) is
dispensed from a calibrated syringe into a purpose made
calibration cap. A TEWL instrument is immediately applied,
and the water vapour flux rate is measured until the droplet
has evaporated. By numerically integrating the results with
respect to time, the mass of water detected by the instrument
can be evaluated. The value of mass indicated from the
instrument readings is then compared with the known mass
of the original droplet, and a calibration correction factor
can be assigned. Figure 4 shows a set of typical calibration
curves of flux rate against time for evaporating droplets.

instruments and conditions. Additionally, this analysis
would identify the most significant uncertainty
contributions, indicating which aspects to improve in order
to reduce uncertainty. Thirdly, the spreadsheet might
ultimately be used as a tool to model the impact of changes
if an instrument were further developed.
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Figure 4 – Graph showing time-series curves for flux readings of 1 µl
droplets, using an open chamber TEWL instrument, at several flux rates.
The area under each curve corresponds to the mass of water evaporated.

Several calibration caps with “wells” of different depths
were used to provide a range of water vapour flux rates, so
that TEWL instruments could be calibrated at several values
in the range of operation. The caps were made of PTFE, for
non-hygroscopicity, and screwed onto calibration adaptors
which were made for each instrument type. The well depths
ranged between nominally zero and 64 mm. The longer path
lengths resulted in slower diffusion from droplet to
instrument, and hence in lower flux rates. Higher flux rates
were achieved by applying controlled heating to the base of
the well. The time taken for the evaporation of a 1 µl droplet
ranged from 5 minutes to 1 hour.
The volumetric syringe was a positive displacement 1 µl
syringe with an adjustable mechanical end stop, and a digital
indicator resolving 0.005 µl. Traceability of measurement
was obtained by calibration of the syringe dispensed volume
at an accredited laboratory, traceable to national standards of
mass and length.
4. UNCERTAINTY ANALYSIS
4.1 Approach to uncertainty analysis
At the start of this work, disparities between instruments or
instrument types were in some cases 50% of value, or more.
By implication, the uncertainty of these measurements must
be regarded as being of similar magnitude to the
discrepancies. This is in contrast to the manufacturer
estimates of around 10% of value, or less. The aim of the
work was to significantly reduce the divergence between
instruments and produce a realistic estimate of overall
measurement uncertainty.
The approach to uncertainty estimation follows the ISO
Guide [7]. These detailed uncertainty estimates have been
developed and the calculation implemented in the form of an
MS Excel spreadsheet. This incorporates sources of
uncertainty and their estimated impact, and allows for
variable range of measurement and selection of instrument
type. Uncertainty analyses were developed which could be
applied to both calibration and use of TEWL instruments.
The first aim of carrying out the analysis in this way was to
obtain rigorous estimates of uncertainty for the various

Table 1 lists the aspects of uncertainty considered,
indicating whether they impact on calibration, or on
subsequent use for measurement, or both.
Sources of uncertainty were identified for each variant of
TEWL instrument. Some uncertainty components apply
similarly to all types of TEWL instrument (for example
resolution). Other uncertainties are more relevant to one
type than another (for example leaks). In each category
(droplet method, analysis, and instrument performance) the
typically more significant contributions are listed first.
Table 1 – Summary of sources of uncertainty in TEWL calibration and
measurement

Description of uncertainty

Occurrence Calibration (C)
or Use (U)

Practical uncertainties in droplet method of traceability
“Imported” calibration uncertainty of
C
volumetric syringe
Combined
reproducibility
of
droplet
C (U)
deposition and measurement
Determination of end-point of droplet
C
evaporation
Drift or wear of volumetric syringe
C
Uncertainty in zero correction for ambient air
C
initially trapped in chamber
Evaporation loss from droplet between
C
dispensing and measurement
Sorbed water vapour on inner surfaces of
C (U)
chamber and calibration well
Retained fraction of droplet absorbed at point
C
of deposition
Water purity
C
Uncertainties in analysis of droplet data to derive flux value
Nonlinearity – each calibration partly spans a
C
range of applied flux
Integration uncertainty
C
Uncertainties due to instrument performance
Incomplete settling to final value (cut-off)
C, U
Baseline error or drift in zero reading
C, U
Reproducibility of measurement
U (C)
Humidity sensor calibration error?
U
Non-linearity (including humidity sensor
U
non-linearity)
Contamination of TEWL instrument
U
Short-term stability of TEWL instrument (e.g.
C, U
open to ambient air)
Leaks due to imperfect surface contact of
C, U
sensor
Resolution of displayed reading
C, U
Initial response rise time
C

4.3 Detail of main uncertainty contributions
The effects of all identified uncertainty contributions were
estimated. The most significant ones are discussed below.
Uncertainty in droplet mass due to calibration of the syringe
depends on the calibration obtained. At an accredited
laboratory, a 1 µl syringe can be calibrated with an
uncertainty of about 1 percent of value, at best, but
commonly with a larger uncertainty of several percent. The
syringe calibration uncertainty significantly affects the
overall uncertainty of calibration of a TEWL device.
The TEWL instrument reproducibility affects both
calibration and use. In calibration the reproducibility of the
droplet size also contributes. Calibrations were repeated
separately by two different users to estimate the combined
reproducibility of instrument plus droplet. In general, this
uncertainty can be expected to depend somewhat on user
skill. Reproducibility of measurements of droplets was
found to have a standard deviation ranging between 0.01 µl
and 0.02 µl, varying between different TEWL devices.
“Incomplete settling” of the TEWL devices reflects the slow
response time of humidity sensors, whose initial response
may seem rapid, but the last 1 or 2 percent of equilibration
can take considerable time. Slow settling to final value can
lead to an instrument under-estimate of droplet mass (for
which a correction can in principle be estimated). One
remedy is to allow the same dwell time at the final zero
reading as at the measured plateau. If so, the underestimate
of values during the settling to the plateau value is largely
offset by the corresponding over-estimate during settling to
zero. Alternatively, the adoption of a practical shorter cutoff time for a measurement (as shown in Figure 4) leads to
an uncertainty of up to 0.5 g m-2 h-1, at worst.
“Baseline error”, or drift in zero reading, occurs because the
drift in TEWL instrument zero value can change
significantly during the period of a calibration, leading to
uncertainty in integrated water mass. This can be
approximately corrected. The residual uncertainty in
indicated zero due to drift amounts to less than 0.5 g m-2 h-1.
Nonlinearity of the TEWL instruments has some effect,
since the area under an evaporation curve includes tails
spanning a range of applied flux, which may have different
calibration errors than the plateau value being calibrated.
The more linear the instrument, the less this contributes. In
this study, nonlinearity of TEWL readings was at worst up
to 15% - though generally very much less. The tails of the
graph (where this would be relevant) represent at most 10%
of the area. Therefore a worst case uncertainty of 1.5% of
droplet mass is allowed.
The end-point of droplet evaporation must be deduced from
the shape of a curve as in Figure 4, notwithstanding any
allowances for sensor final settling and drift in zero, as
discussed above. Evaporation of 1 µl droplets from a PTFE
surface was studied under a microscope, to enable the end
point to be correctly identified in practice. It was observed
that the circumference of a droplet remained constant for
most of the evaporation period (corresponding to the plateau
region in Figure 4). Towards the end, the droplet shrank

under surface tension (corresponding to the downward slope
in flux), regaining an approximately hemispherical shape of
smaller circumference, then evaporating fully. From this it
was understood that the final part of the droplet evaporation
continues for a short time after the flux tails off sharply. The
estimated uncertainty in determining this end point is
estimated to be no more than 0.01 µl. This is applicable if a
short cut-off time is adopted, but is not incurred if a long
dwell at the final zero is allowed.
Ambient humidity affects some of the TEWL devices (open
chamber and continuous flow types) in both calibration and
use. TEWL devices generally achieve better sensitivity
where the difference between the two measured humidities
is greatest - at lowest relative humidities. (However it is
essential that subjects to be measured are acclimatised in
moderate environments.) Ambient temperature variation
affects TEWL devices primarily through its effect on
relative humidity. Those TEWL devices directly open to air
(open chamber type) are further affected by room air
movement if it disturbs the region within the sensor
chamber. Therefore, low airflow, stable temperature and
stable humidity are the best calibration conditions. Where
these influences affect calibration or measurement, they are
reflected in the level of short-term instability observed, such
as in the calibration plateaux in Figure 4.
4.4 Other uncertainties considered
The following were considered carefully as potential
important contributions to uncertainty, but found of small
significance in calibration.
Humidity sensor calibration would naturally contribute to
the overall performance of the TEWL instruments, and most
instrument manufacturers pay due attention to this. Where
the component sensors deviate from true values, calibration
device of a TEWL instrument as a whole can compensate
for this. However, in use, where the user may interpolate
between calibration values, or measure in different
conditions, non-linearity of humidity sensors is a source of
uncertainty. This is more so where two humidity sensors are
involved, when a matrix of different combinations can
occur. Where an instrument uses a single humidity sensor,
compensation for sensor offset is in principle simpler.
The possible effect of humidity sensor hysteresis was
considered. Where sensor response time is discussed in
Section 4.3 above, this partly addresses the question of
hysteresis. However, in all normal operation, the humidity
sensors in TEWL instruments approach a final humidity
reading consistently from one direction (e.g. closed
ventilated type always from below, condenser-chamber type
always from above) irrespective of the TEWL value.
The effect of a droplet being a point source was considered,
in case vapour distribution might be unrepresentative in the
region of the humidity sensors. However modelling
established the minimum axial distance for diffusion to fill
the chamber cross-section uniformly, and this criterion was
met in the calibration configuration.
A number of additional influences contribute to uncertainty

Table 2 – An example evaluation of calibration uncertainty for a continuous-flow type TEWL device measuring a flux value of 15 g m-2 h-1.

Description of uncertainty and nature of estimate (worst case,
standard deviation, etc.)

Uncertainty Probability Divisor Sensitivity
Standard
magnitude, distribution
coefficient
uncertainty
and units
u (g m-2 h-1)
-2 -1
Combined reproducibility of droplet deposition and measurement
0.02 µl
Normal
1
15 g m h /µl
0.300
(standard deviation15 measurements)
Incomplete settling to final value (cut-off) worst case
0.5 g m-2 h-1 Rectangular 1.732
1
0.289
Baseline error or drift in zero reading (worst case)
0.5 g m-2 h-1 Rectangular 1.732
1
0.289
Nonlinearity – area under evaporation curve includes tails at
0.015 µl
Rectangular 1.732 15 g m-2 h-1/µl
0.130
different applied flux, which may have different calibration
errors/factors (worst case)
Determination of end-point of droplet evaporation (worst case)
0.01 µl
Rectangular 1.732 15 g m-2 h-1/µl
0.087
Calibration certificate uncertainty of volumetric syringe (k = 2)
0.01 µl
Normal
2
15 g m-2 h-1/µl
0.075
Combined effect of all other uncertainties (types listed in Table 1)
0.110
after quadrature summation
Combined standard uncertainty (quadrature summation)
0.547
Expanded uncertainty (k=2)
Normal
1.094

in routine use of TEWL instruments, but do not affect
calibration. Many of these are recognised in Table 1, but not
discussed in full detail here.
5. EVALUATION OF UNCERTAINTY
Uncertainty values have been calculated for the various
different cases: for each TEWL device, for a selection of
values in the flux range from 10 g m-2 h-1 upwards. It is
assumed that calibration identifies a calibration correction,
which is applied. The uncertainty estimates that follow are
for values after correction.
An example of an uncertainty evaluation is shown in
Table 2 for a continuous-flow type of TEWL instrument at a
flux rate of 15 g m-2 h-1. The most significant components of
uncertainty are itemised. The remaining combined minor
components are summarised in a single line in the Table
(but would routinely be individually listed and calculated).
Following usual practice [7], the combined effect of sources
of uncertainty is found from estimates of either worst case
or standard deviation of individual components, together
with probability distribution and by converting between
units where necessary, summing in quadrature to find the
overall estimated uncertainty in terms of flux per unit area
(g m-2 h-1). An expanded uncertainty at a coverage factor
k=2 is shown. The effective number of degrees of freedom
of the uncertainty estimate, calculated using the WelchSatterthwaite equation [7], is large enough (more than 100)
Table 3 – Example table of calculated calibration uncertainties for a
condenser-chamber type TEWL device at a range of flux values, showing
impact of two different levels of syringe calibration uncertainty.

Flux value
g m-2 h-1
10
20
30
50
70
100

Expanded uncertainty in flux
g m-2 h-1(k=2)
Syringe calibrated Syringe calibrated
to 10% (k=2)
to 1% (k=2)
1.3
0.9
2.3
1.1
3.3
1.3
5.3
1.9
7.4
2.5
10.5
3.4

for all relevant TEWL ranges, so k=2 corresponds to a level
of confidence of approximately 95%.
Under given conditions, uncertainties can be evaluated for
values of flux across the operating range of a given device.
Table 3 shows example uncertainties evaluated for
calibration for a condenser-chamber type TEWL instrument.
6. DISCUSSION
Detailed uncertainty analysis allows the most significant
uncertainties to be clearly identified and in some cases
reduced. A reduction has already been achieved in the case
of the syringe calibration uncertainty, which was initially the
largest component, at 10 percent of syringe volume (k=2),
leading to a component standard uncertainty (k=1) of
nominally 5% of flux value. After identifying this, a search
located other accredited calibration laboratories that could
provide similar calibrations at approximately a tenth of the
uncertainty (i.e. 1 percent of syringe volume). The impact of
improving this component of uncertainty is illustrated in
Table 3, which shows the dependence of overall uncertainty
on syringe calibration, for a condenser-chamber TEWL
instrument at a variety of flux values. By improving this key
component, the overall calibration uncertainty was reduced
significantly, especially for high flux values.
Combined reproducibility of the droplet and measurement
process is a significant uncertainty. Single calibrations
display “scatter”, described by the population standard
deviation. If a mean value of calibration factor was derived
from multiple measurements (of separate droplets), then the
uncertainty in the mean would reduce in proportion to 1/Pn,
so this offers scope for improvement. In practice this
reproducibility would depend on user skill, since depositing
a 1 µl droplet accurately requires some dexterity – for some
users the reproducibility might be worse.
The two next most significant uncertainties are “Incomplete
settling to final value (cut-off value, if used)” and “Baseline
error or drift in zero reading”. Both are features of the
instruments, and stem from the properties of the humidity
sensors, which generally display a degree of hysteresis and

long term-instability. If these could be improved, it would
benefit not only calibration uncertainty but also routine
usage. This would depend on availability of these sensors at
the size and price required by instrument manufacturers.
The component of uncertainty due to instrument
nonlinearity would be reduced by minimising or eliminating
the non-plateau flux values during the calibration – or of
course by working with highly linear instruments.
Beyond calibration, uncertainty in use of TEWL instruments
can be evaluated by the same approach, and the spreadsheet
developed in this work allows that. The uncertainty in use
will incorporate the calibration uncertainty together with
those components of uncertainty that contribute only (or
again) during measurement, as indicated in Table 1.
Therefore in general the uncertainty in using the instruments
will be greater than their calibration uncertainty.
In real TEWL measurements it must always be remembered
that skin, in vivo, is not a passive medium: subjects being
measured (e.g. people) react to changes in environment, and
other influences. Even the action of occluding skin with a
TEWL sensor may affect the skin’s behaviour. Therefore
uncertainty in measured skin water loss can have other
causes than instrument performance – the measurand itself
can be unstable or unrepresentative. The uncertainty
analysis reported here does not address that: what it does is
to allow the component of uncertainty intrinsic to TEWL
instruments to be estimated. However the same process of
uncertainty estimation could be applied to include
uncertainties due to the measurand itself, and the non-inert
subjects being measured.
While valid for many types of TEWL instrument, this
calibration method does yet not support the calibration of
devices whose sampling time is short compared to the time
taken for a water droplet to evaporate. Further work is in
progress to find a way of applying this calibration approach
to fast-reading non-continuous TEWL sensors.
7. CONCLUSION
Estimates of uncertainty have been developed for calibration
of TEWL instruments for measuring water vapour loss from
skin. The uncertainty analysis, implemented as a spreadsheet
calculation, is valid for any selected water vapour flux value
in a wide range, and is applicable to a variety of TEWL
instruments. Where it is not yet applicable (for the closed
unventilated instrument type) further study is continuing.
The work reported here shows the calibration uncertainties
that can be achieved using the droplet method of calibration,
with the right precautions. At a low flux rate of 10 g m-2 h-1 ,
the expanded uncertainty at the 95% confidence level (k = 2)
at can be of the order of 1 g m-2 h-1 (10%). At higher flux
rates it is relatively less for example at a flux rate of
50 g m-2 h-1 uncertainty can be around 2 g m-2 h-1 (4%).
Actual calibration uncertainties achieved in any case will
depend on some or all of: calibration conditions, instrument
type, measurement traceability, and user skill. After
calibration, additional uncertainties need to be taken into
account in the use of TEWL instruments.

The aim of this work was to reduce both the uncertainty and
disparity in results for the types of TEWL devices in
widespread use, and to increase confidence in the technique.
Overall, probably the single most important practice to
reduce uncertainty in TEWL measurements is for users to
regularly obtain a reliable calibration of the instrument
readings, and apply corrections (arithmetically or
instrumentally) to offset any errors found.
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