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ABSTRACT
We present a simple and inexpensive liquid surface height controller that can monitor and maintain the height of a liquid surface in a
surface-sensitive experiment. The system is based on a commercial laser pointer, universal serial bus webcam, syringe pump, and homemade
control software. The system can sense changes in the height of the surface of ±1 μm, and the maximum range of the device without readjust-
ment is around 2.5 mm. The intended use of the device is to maintain the height of a sample at the air–water interface in a sum-frequency
generation spectroscopy measurement, which constantly changes due to water evaporation. A demonstration of the system maintaining
the height of a water surface to a tolerance of ±5 μm over a period of 8 h is shown to illustrate the stability of a system controlled by
this device.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0057849

Surface spectroscopy experiments such as sum-frequency gen-
eration (SFG) spectroscopy are often inherently sensitive to the ver-
tical position (height) of the surface under investigation as incident
laser beams may be focused tightly on the surface and any change
to the height of the surface will alter the laser conditions and exper-
imental signals.1 Thus, monitoring and maintaining the height as
precisely as possible are a necessity. This is particularly the case in
experiments on liquid interfaces where evaporation of the liquid sol-
vent requires constant compensation via subphase injection of the
solvent if the surface is to be maintained at the desired height for
any length of time.

Conventionally, this is carried out in one of two ways. First, it
can be carried out through trial and error—monitoring the experi-
mental signal through a CCD camera used for acquisition and man-
ually compensating for any drift caused by the height change via a
motorized syringe pump.2 Second, the height of the surface can be
measured using a commercial displacement sensor,3 and then any
change to the height can either be manually corrected or the change
can be fed via control software to an instrument that compensates
for the drift.4 The first of these methods requires constant human
presence for the experiment, which can be problematic if a measure-
ment has to be carried out over several days and nights. Moreover,
vertical binning of the experimental signal in the acquisition cam-
era requires that the exposure is stopped and the CCD settings are

changed to allow the height of the surface to be checked. This is cum-
bersome when low signal levels demand long exposure times. The
second method requires use of commercial displacement sensors.
These can be prohibitively expensive, and in many situations, such
sensors have a large enough footprint and limited working range
that fitting them above the liquid surface is challenging due to the
presence of other experimental components. Many commercial dis-
placement sensors also do not have an easily tunable light source,
which is especially problematic in spectroscopy experiments where
the light from the sensor may overlap with the light being detected
in the experiment. In addition, use of motorized translation stages
to maintain the surface height can be problematic in terms of sta-
bility as the motion of the stage can induce waves on the liquid
surface.

Here, we present a Liquid Surface Height Controller (LSHC)
based on a laser pointer, universal serial bus (USB) webcam,
and motorized syringe pump that circumvents these issues and
can be easily added to existing experimental setups with mini-
mal disturbance. The reflection of the laser beam from the liq-
uid surface is imaged onto the webcam CCD, and the result-
ing image is processed in real time to extract the height of the
surface. Any change in the height of the surface Δh results in
a corresponding change in the position on the CCD, Δx, given
by
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Δx = sec(θ)Δh, (1)

where θ is the angle of incidence of the incoming beam (relative to
the surface normal). A sketch of the working principle of the LSHC
is shown in the leftmost panel of Fig. 2. The position of the beam is
continually monitored and fed into the homemade control software
that interfaces with a syringe pump to compensate for evaporative
loss and maintain the height of the surface.

The advantages the LSHC has over the aforementioned
approaches are manifold. First, it does not require attention from
a human worker beyond the initial setup and does not use the CCD
used for data acquisition, so the spectroscopic measurement does
not need to be interrupted to monitor the surface height. Second,
the laser source and camera can be placed far away from the sam-
ple surface, making integration into existing experiments simple.
Third, the laser pointer is of a standard design, and finding simi-
lar lasers that produce light of different wavelengths, to ensure that
the light does not interfere with the spectroscopic measurement, is
straightforward. Finally, the LSHC is of substantially lower cost than
any system using either displacement sensors or precision motorized
translation stages.

A 3D drawing of the LSHC is shown in Fig. 1. The laser source
(Thorlabs PL202 Compact Laser Module) is housed in a kinematic
mount (Thorlabs KAD11F). This assembly is housed in a standard
optomechanical threaded lens tube, which allows other components,
such as lenses and filters, to be easily added to the front of the laser
module as needed. The laser is mounted above the sample, and the
incident angle of the laser beam on the surface dictates the sensi-
tivity of the LSHC. Larger incident angles allow greater sensitivity,
but very large angles can cause the quality of the reflected beam
to be reduced such that effectively imaging the beam is difficult.
An angle of around 45○ was used to collect the data shown in this
article.

In addition to the incident angle, it is also important to con-
sider the incident power and the size and divergence of the incident
beam. The laser module used in this report produces a beam with a
beam waist of ∼1 mm at a normal working distance (20 cm), which is
reasonably well collimated, with an average power of 1 mW. A beam
this size would illuminate almost all of a typical webcam CCD, and
the power is such that many pixels are saturated, making it difficult
to determine the center of the beam (and therefore the exact height

FIG. 1. 3D model of the LSHC.

of the surface). While this can be ameliorated to some extent via fil-
tering and thresholding, it is useful to make the beam on the CCD
sensor slightly smaller. Moreover, often the liquid surfaces that are
measured are not perfectly flat and can have a focusing or defocusing
effect on the incident beam. This is a particular issue for small circu-
lar troughs often used in SFG spectroscopy, where the curvature of
the liquid surface due to formation of a meniscus can cause severe
focusing or defocusing of the incident laser beam.

A simple solution to this issue is to mount a weak singlet lens in
front of the laser module to compensate for any change in the beam
divergence and produce a small spot on the CCD sensor. Using a
threaded lens tube to mount the module allows lenses to be easily
swapped in and out, and use of threaded spacers allows the dis-
tance of the lens from the laser output to be easily adjusted. In the
system used here, a singlet lens with a 400 mm focal length (Thor-
labs LA1172-A) was used for this purpose. To reduce the power of
the incident laser beam (to avoid over-saturation of the camera),
a Neutral Density (ND) filter with an Optical Density (OD) of 0.4
(Thorlabs ND04A) is mounted in front of the laser output (before or
after the lens), and another ND filter (Thorlabs ND25A) is mounted
in the front of the webcam. The net effect of these additions is that a
small, circular laser spot is visible on the webcam CCD.

The webcam is a commercial USB webcam (Sandberg USB
1080p Webcam), with the lens removed to expose the bare CCD.
A home-built filter holder was inserted in place of the lens, which
allows an ND filter to be mounted directly in front of the CCD
to exclude ambient light and reduce saturation of the CCD by the
incident laser beam. In practice, an ND filter with an OD of 2.5
(Thorlabs ND25A) was sufficient to exclude all ambient light and
reduce the incident laser power to a level that would not saturate the
webcam. The webcam mount includes an M6 threaded stud, which
attaches directly to a standard 0.5′′ optical post. The CCD itself is
∼2.5× 1.5 mm2 with a pixel pitch of around 2 μm. The overall resolu-
tion of the sensor can be easily ascertained using a micrometer stage
and by moving the height through a known distance, and the results
of this calibration are shown in the rightmost panel of Fig. 2. The
linear fit to the calibration data shows that, for the setup presented
here, a height change of 1 μm corresponds to 0.8 pixels of movement
on the camera. After centroiding, the height can (conservatively) be
determined to within around 0.5 camera pixels, so the setup pre-
sented here comfortably has sub-1 μm resolution. Both the laser
and webcam assembly are mounted on standard optical posts, which
can be bolted to the laser table, and are powered and controlled

FIG. 2. Left: working principle of the LSHC. Right: calibration of the LSHC. Raw
data points are shown in blue, and a linear fit is shown in orange.
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via a USB connection to a laboratory computer. The syringe pump
(New Era Pumps NE-500) is also controlled through the USB via a
serial-to-USB adapter. Further information on setting up and using
the LSHC is given in the user manual provided with the LabVIEW
program.5

The system is controlled using a homemade LabVIEW pro-
gram, which interfaces the height sensor with the syringe pump.
The working principle of the program can be divided into two
parts. First, the image of the laser from the webcam CCD is read
and the center determined, giving the current height of the liq-
uid surface (in pixels). Subsequently, the height can be locked and
maintained at its current position via a feedback loop controlling
the syringe pump. A lower and an upper threshold are set, which
determine when the syringe pump turns on and off, respectively.
As it is possible to add more liquid to the sample quickly using the
pump, but the only loss mechanism is the slow evaporation, the con-
trol logic is designed to ensure that the pump is only activated on
true evaporative loss (and not a random fluctuation) and is deacti-
vated near-instantaneously when the sample height crosses the set
threshold. This ensures that “over-pumping” cannot happen. Fur-
ther technical information on the system and control logic, and a
link to download the LabVIEW program, can be found in the user
manual.5

Figure 3 shows a graph of the measured height change in the
water surface against time over a period of 8 h on a working day in
our laboratory. The blue points show the instantaneous height (read
out at 30 Hz), and the orange line shows the moving average cal-
culated at 1 Hz. The height was locked to a tolerance of ±5 μm by
the set thresholds. The main panel of Fig. 3 shows a full scan over
8 h, and it is clear that the average height is maintained at a con-
stant level (within the set tolerances) throughout this time. Up until
∼5.5 hours, the laboratory was relatively busy, and this is reflected
in the degree of the fluctuations seen in the instantaneous height.

FIG. 3. Graph of sample height change against time over a period of 8 h.
Blue: instantaneous height (30 Hz sampling rate). Orange: average height (30-
frame moving average of the instantaneous height). The inset (top right) shows a
zoomed-in view of a 15 min period.

The rms change in the height caused by the instability in the room
is around 10 μm. This inherent instability puts a limit on the capa-
bilities of the system. While the system can, in principle, maintain
the height to within 1 μm accuracy, the height adjustment using a
syringe pump is slow, and it cannot react at 30 Hz to eliminate the
effect of these instantaneous oscillations; rather, it is (conservatively)
capable of maintaining the average height of the surface down to
around ±5 μm. Tighter tolerances are also feasible, depending on
the specific system used.

The inset in Fig. 3 (top right) shows a zoomed-in section of the
main graph over a 15 min period. Here, the action of the syringe
pump and control logic is evident. The height drops (due to evap-
oration), and once it is below the lower threshold, the pump then
brings it back. Once the height rises above the upper threshold, the
pump turns off, and the height drops again. This cycle is repeated to
maintain the average height at the desired level. This repeated oscil-
lation is well within the tolerance of a typical SFG experiment. In our
SFG spectrometer, a change of 25 μm or more is needed to notice
that the height has changed on the SFG spectrometer, and the height
has to move by around 100 μm to cause a problematic change to the
experimental signal.

In conclusion, we have presented a simple, effective, and inex-
pensive way to control the height of a liquid surface over a period
of several hours. We note that although SFG spectroscopy has been
used here as an illustrative case, this non-invasive optical method for
surface height stabilization is applicable more widely. Other surface-
sensitive techniques such as atomic force microscopy, Brewster-
angle microscopy, and x-ray/neutron reflectivity could all benefit
from the fine control provided by this system. The system can be eas-
ily incorporated into an existing optical setup with minimal work,
and the control software is freely available online. The system is
capable of resolving sub-1 μm changes in the height of a liquid sur-
face, and the control software can maintain the height to a very
tight tolerance (±5 μm) that is limited by the degree of instanta-
neous fluctuation in the given laboratory. This system has numerous
advantages over systems involving commercial displacement sensors
due to its ease of installation, flexibility, and low cost.

We acknowledge the Villum Foundation (Experiment Grant
No. 22956) and the Novo Nordisk Foundation (Facility Grant
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