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Experimental characterization, 
modelling and compensation 
of temperature effects 
in optotunable lenses
Yassine Marrakchi 1, Xoana Barcala 1,2, Enrique Gambra 1, Ivan Martinez‑Ibarburu 2, 
Carlos Dorronsoro 1,2 & Lucie Sawides 1*

Most tunable lenses (TLs) are affected by deviations in optical power induced by external 
temperature changes or due to internal heating while in use. This study proposes: (1) An experimental 
characterization method to evaluate the magnitude of the optical power deviations due to internal 
temperature shifts; (2) three different mathematical models (experimental, polynomial, and 
optimized) to describe the response of the lens with temperature; (3) predictions of the internal 
temperature shifts while using the lens in time frames of minutes, seconds, and milliseconds and; (4) 
a real time optical power compensation tool based on the implementation of the models on a custom 
voltage electronic driver. The compensation methods were successfully applied to two TL samples in 
static and dynamic experiments and in hysteresis cycles. After 40 min at a static nominal power of 5 
diopters (dpt), the internal temperature exponentially increased by 17 °C, producing an optical power 
deviation of 1.0 dpt (1.5 dpt when the lens cools down), representing a 20% distortion for heating and 
30% for cooling. Modelling and compensation reduced the deviations to 0.2 dpt when heating (0.35 
dpt when cooling) and the distortions to 4% and 7%. Similar levels of improvement were obtained in 
dynamic and hysteresis experiments. Compensation reduced temperature effects by more than 75%, 
representing a significant improvement in the performance of the lens.

The advantages of focus tunable lenses (TLs) over traditional fixed optics are clear-cut in several applications. 
Having the possibility of modifying the optical power or the zoom of an optical system with an electrical sig-
nal, without moving parts, provides a wide range of opportunities in optical design. These lenses can improve 
compactness, speed and stability by reducing the number of opto-mechanical components required to generate 
a shift on  focus1. In recent years, the use of TLs has expanded to many application fields with considerable suc-
cess. Some representative examples are autofocusing in imaging  systems2 and traditional optical  microscopy3. 
Zoom mechanisms in machine  vision4 and similar configurations in medical imaging in  endoscopes5 and 
 laparoscopy6. Also, in the clinical environment, TLs provided interesting improvements in depth scan optical 
coherence tomography (OCT)7, refractive power correction in  ophthalmology8 and pre-operative simulation 
of multifocal intraocular lens  patterns9. In recent years, TLs are widely used in 3-D microscopy enabling more 
flexibility in axial  scanning10–12. Finally, they have been used in optical manipulation of atomic  structures13,14, 
laser beam  adjustments15 and virtual  reality16, among others.

There exist different kinds of TLs in terms of their design and technology. Many of them take advantage of 
the variable shape of liquids and a transparent interface that is usually an elastic membrane. The driving system 
may be an electromagnetic or mechanical  actuator1, electrically controlled liquid  crystals17,  electrowetting18, 
dielectrophoresis-actuated19, stimulus-responsive  hydrogels20, pneumatic  actuators21 or acoustic generators of 
gradient index of refraction (GRIN)22. Other approaches are also available as the Moiré-lenses23 or variations 
of the Alvarez lens for miniature  devices24. The advantages and limitations of each alternative make the choice 
dependent on the target application. In this study, we set the focus on the electromechanically driven liquid 
lenses.

The performance of TLs is critical for the correct functioning of the devices and instruments that rely on 
them. Their application requirements include stability over time, and speed to shift from a focus state to another, 
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especially in rapid scanning  applications25 and temporal  multiplexing26. But more important are the precision 
and accuracy that they must achieve in terms of optical power, and the robustness against modifications of 
the internal or external environment conditions as temperature. Some specific lenses exploit the property of 
dielectric liquids to expand with an increase of  temperature27. However, for most TLs available, internal or 
external temperature changes represent an issue inducing important instabilities and reducing the precision 
of the optical power delivered by the  lens28. Driving a TL at medium or high currents, or due to absorption of 
high-power laser light, provoke an internal temperature  raise29. These deviations are important and often not 
linear with the change in the temperature. As an example, in the lens model under study (10-30-C; Optotune AG, 
Switzerland), according to the specifications of the manufacturer, the optical power increases in average 0.07 D 
each 1 °C increment on  temperature29, when the temperature is around 25 °C. Commercial lens manufacturers 
have developed some hardware strategies to decrease the magnitude of the deviations, but they are limited to 
small dioptric  ranges30,31. On the other hand, software compensation based on characterization of individual 
lenses at different temperatures and interpolation, requires specific drivers and therefore has limited options in 
the design of the corrections.

With a series of experimental behavior characterizations of liquid optotunable lenses and computational 
mathematical models, we propose a versatile solution to predict and compensate, in real time, for the power 
deviations with temperature variations of electromechanically actuated optotunable lenses. Addressing a chal-
lenge that, if accomplished, would improve the TLs’ performance, open new applications and facilitate their 
adoption in industrial and daily life products.

Results
Four different behavior characterization experiments, with increasing complexity, were performed on two opto-
tunable lenses (Optotune AG, Switzerland) aiming at replicating the working conditions or specific require-
ments of optotunable lenses for different applications. First, during the static experiment (2.1), flat states of 
the optotunable lens were applied for 40 min to study the internal heating and cooling processes and develop 
three mathematical models to compensate for (and ultimately predict) the power deviations due to temperature 
variations. Those solutions were implemented in a real time algorithm and evaluated in a hysteresis experiment 
(2.2), where the optotunable lens was configured to mimic a scanning application with a stair pattern of differ-
ent power states; a random experiment (2.3) where random power jumps were applied to the optotunable lens 
to mimic more exigent requirements for the lens; and lastly, a dynamic experiment (2.4) that reproduced the 
use of optotunable lens in a multifocal correction simulation. During all the tests the TL was driven by a PWM 
voltage signal that varied between 0 and 5 V by controlling its duty cycle with an 8-bit timer (0 ‘counts’ is the 
minimum value and 255 is the maximum). The optical power was measured with a custom focimetry  system32 
and the temperature was registered with the internal sensor encapsulated in the sample lens.

Static experiment. The static behavior of the TL was studied, and the temperature effect characterized to 
provide a reference for the development and evaluation of temperature compensation strategies. The lens was 
tuned to a specific flat signal state for 40 min to analyze the heating process due to current flowing and then 
suddenly released to a resting state to observe the cooling for another 40 min. The larger the electrical signal 
driving the lens, the higher is the optical power induced but also the deviations from a flat optical response due 
to temperature, as we can see in Fig. 1a. Moreover, as can be observed in Fig. 1b, during the heating (the first 
half of the experiment) the temperature increases faster, and points at a higher stability point, when the driving 
signal is higher. Figure 1c represents the measured optical powers of the lens for the different driving signals 
while heating and Fig. 1e while cooling at rest state. From that, we calculated the difference between the target 
value and the measured optical power to provide an objective metric evaluating the impact of the temperature 
in the heating (Fig. 1d) and cooling (Fig. 1f) processes. Finally, in Fig. 1g a histogram of optical power devia-
tions while heating (orange) and cooling (blue) is plotted to show the proportion of time corresponding to each 
optical power deviation.

The behavior of the TL can be characterized through mathematical models in a 3-dimensional space of optical 
power, internal temperature and electrical signal to guide strategies for compensating the effect of temperature. 
Three models, that provide good fit to the characterization experiment data, were developed. (1) The optimized 
model that includes many parameters to provide the best fitting performance although diverging near the zero 
diopter. (2) The polynomial model (simpler than the optimized) based on a second-order polynomial equation 
in optical power and a first-order polynomial in temperature that provide good enough fitting factors while keep-
ing the model simple, easy to understand physically and no divergence near zero diopter. (3) The experimental 
model based on simple calibrations of the driver relating optical power and voltage at a reference temperature 
with added temperature dependency parameters, optimized experimentally following a trial-and-error strategy 
(Sect.  “Mathematical models and compensation strategies”).

Figure 2 shows the results obtained in the static experiment applying in real time the optimized fit model. 
We can observe that although the temperature increases with time Fig. 2b, the optical power is compensated by 
adjusting the electrical signal driving the TL. If we observe the curves of Fig. 2a carefully, we can see a sawtooth 
pattern that represent the small correction steps performed each time a variation in temperature of 0.5 °C is 
detected and the recalculation is performed by the software. The higher stability in the flat states is confirmed in 
Fig. 2c while heating and Fig. 2e while cooling since the measured optical power points distribution is narrower 
when the compensation is applied. The plots presenting the deviation between the target optical power and the 
measured one also demonstrate a great performance of the correction procedure in the heating process of the 
lens with less than 0.20 dpt deviation Fig. 2d against 1.00 dpt deviation for non-corrected measurements Fig. 1d. 
Concerning the cooling curves, the deviations are more important because, as described by the TL manufacturer 
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and observed in the characterization Fig. 1f, temperature effect is more noticeable when driving the lens at lower 
currents. But if we observe the transition to home state in Fig. 2a and the histogram in Fig. 2g this only happens 
at the first few seconds after the lens is returned to the rest state. In any case, the deviation magnitudes remain 
smaller than for the non-corrected experiment: maximum value of 0.50 dpt applying the optimized model 
(Fig. 1f) versus 1.60 dpt when uncorrected (Fig. 2f).

Figure 3 summarizes the results of the polynomial model to compensate for temperature variations. In this 
case, the resting power during the experiment corresponds to 0.00 dpt instead of 1.00 dpt since the equation 
covers a wider range, and it was interesting to increase the requirements. In this case, the initial temperature is 
very similar for all the measurements and appears clear in Fig. 3b that the temperature variations are directly 
proportional to the driving signal. The correction works a little bit worse than in the optimized fit model on the 
heating curves (Fig. 3a,c). The maximum value is around 0.25 dpt (Fig. 3d) against 0.20 dpt for the optimized fit 
and 1.00 dpt for non-corrected. Also, in the first part of the cooling curves in Fig. 3a, an important deviation is 
observed in Fig. 3e, especially when temperature shifts are greater. It is evaluated quantitatively in Fig. 3f with 
a maximum of 0.9 D but in the histogram (Fig. 3g) is shown that this deviation occurs in a small proportion of 
time corresponding to the optical power step down. This could be explained by the fact that the home power 
state (the position in which the lens cools) is closer to 0.00 dpt and is lower than in the previous model. Values 
around zero give less range in the correction since when we reach the minimum electrical signal we can gener-
ate, we cannot compensate further.

Figure 4a illustrates the working principle of the temperature compensation algorithm using the experi-
mental model. In the temperature curve, Fig. 4b, we can see that some of the measurements start at different 
initial temperatures, but the correction strategy is designed to handle this situation and therefore does not affect 
the outcome. The results of optical power are very steady for the experimental method while the TL is heating 
(Fig. 4c) as well as while cooling (Fig. 4e). Thus, resulting in less than 0.18 dpt maximum amplitude deviation 
in the heating process (Fig. 4d) and less than 0.35 dpt in the cooling process (Fig. 4f). Finally, the histogram in 
Fig. 4g confirms the stability of the results exhibiting less than 0.2 dpt error during most of the experiment. To 
put into context these values, deviations of less than 0.25 dpt are not corrected in refraction tests in optometry 
since they are irrelevant to visual acuity.

To confirm the results obtained in the previous experiments performed in one sample lens, and as a repeat-
ability test, a second TL of the same model was used. The characterization procedure was not performed again 
since the objective was to test if the correction methods could be directly applied to other lenses in a production 

Figure 1.  Characterization of temperature effect in a TL during long static states of different optical power. (a) 
Graphical description of the static experiment showing the optical power variation with time due to temperature 
variation. (b) Profile of the lens’ internal temperature during the experiment with different voltage driving 
signals. Measured optical power of the lens while heating (c) for different driving signals and cooling (e) at rest 
state. Estimated deviation, calculated from the difference between the initial point and measured optical power 
in the heating (d) and cooling (f) processes. (g) Histogram of optical power deviation while heating (red) and 
cooling (blue) to quantify the proportion of time the lens diverges a certain magnitude.
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environment or some adjustments must be done. In this case only polynomial equation and experimental model 
were used. The results are presented in Table 1.

When testing the method in this second lens, we observed that the compensations improve the performance 
of the lens, and the results are similar to those obtained with the first sample. With the polynomial equation, 
the maximum deviation is even smaller than for the first lens with 0.12 dpt for heating and 0.7 dpt for cooling 
versus 0.25 dpt and 0.9 dpt (Table 1). Therefore, the temperature effect seems to be very similar for different 
samples of the same TL model.

Hysteresis experiment. The hysteresis experiment was intended to mimic a scanning application using a 
TL and test how well the correction strategies worked in faster and cyclic power profiles. To do so, a stairs pattern 
of optical power states was followed, as described graphically in Fig. 5a. Each state is maintained for 30 s while 
optical power and temperature are registered. It is interesting to see how the temperature increases when the lens 
is driven at higher currents and decreases when driven at lower currents reaching a stability range that is several 
degrees higher than the initial ambient temperature Fig. 5b. In Figs. 5c,d are represented the optical power devia-
tions due to differences in the internal temperature of the lens when no compensation method is applied. These 
are the reference values with a maximum deviation of 0.80 dpt and an important dispersion. The next graphs of 
Fig. 5 are results of the application of the three correction models: optimized fit (e, f), polynomial fit (g, h) and 
experimental equation (i, j). If we analyze the graphs from Fig. 5, we can make the following statements:

The optimized fit model seems to be very precise (less than 0.35 dpt deviation) but have some problems in 
the lower powers near the origin, due to the nature of the equation model. The polynomial equation seems to be 
a little bit less precise (less than 0.45 D), especially at higher temperatures and optical power values. However, 
it does not suffer from distortions around 0.00 dpt. Both models require a long characterization process unlike 
the experimental compensation. The experimental model works also very well in hysteresis conditions, with a 
deviation smaller than 0.20 dpt. Also, the residuals do not follow a pattern and are quite homogeneous across 
the optical range of the lens.

Random experiment. In this experiment, instead of applying an up-and-down stair pattern to the lens, 
it was forced to abruptly and randomly jump between different power states, between 1 and 5 diopters (0.5 
dpt step), replicating an exigent situation for the lens as for example, machine vision or 3D laser processing. In 
Fig. 6a are plotted the optical power measurements for 1000 randomly ordered prefixed points lasting 5 s each, 
when no temperature compensation is applied. Figure 6b shows the same phenomena but with temperature 

Figure 2.  Optimized model compensation of temperature effect in a TL during long static states of different 
optical power. (a) Graphical description of the result of compensation strategy showing the optical power 
stabilization in time. (b) Internal temperature profile of the lens during the experiment with different target 
power states. Measured optical power of the lens while heating (c) for different driving signals and cooling (e) at 
rest state. Estimated deviation, calculated from the difference between target power and measured optical power 
in the heating (d) and cooling (f) processes. (g) Histogram of optical power deviation while heating (red) and 
cooling (blue).
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compensation applied (using the polynomial compensation as an example). If we compare both figures, we can 
see that the optical power points that correspond to the same driving signal are more stable when the correction 
is applied and that the distortion due to changes in temperature is less noticeable (Fig. 6c).

Figure 6d and e graphically represent the optical power deviation due to differences in the internal tem-
perature of the lens when characterization is intended, no correction method is applied. These are the reference 
values and exhibit an important dispersion and a maximum deviation of 1.00 dpt. In Fig. 6f–k the correction 
models are evaluated: optimized fit (f, g), polynomial fit (h, i) and experimental equation (j, k). The results of 
the three compensation methods are like the ones obtained in the hysteresis experiments and same conclusions 
could be extracted: Optimized fit suffers from distortions in low power states. Polynomial is robust and covers a 
wide range but may have less precision. Finally, experimental show small deviations in the calibration, that can 
be improved easily, but is more practical for mass characterization and has a robust compensation of the effect 
of temperature in the whole range of optical power of the TL.

Dynamic experiments. When driving the lens in a dynamic operation, we may expect the internal tem-
perature of the lens to increase further since there is more movement in the liquid and the membrane forming 
the lens. In this experiment, a bifocal simulation was programmed in the TL and ran for 40 min while registering 
its internal temperature change. The lens is continuously shifted from a 1.00 dpt state during 10 ms to a 4.00 dpt 
state during another 10 ms as shown in Fig. 7a. Since the speed of variation of optical power of the lens is faster 
than the minimum capture period of the camera, it is not possible to register the whole path of the lens. Instead, 
we are capturing random points that can be used to observe a sample of the optical power points that the lens 
has gone over. Figure 7b shows the increase in temperature when using the bifocal simulation (yellow curve), 
the static optical power state of 1dpt (blue curve, 60 digital counts) or the static optical power state of 4dpt (red 
curve, 154 digital counts) to drive the lens. Bifocal simulation generates an increase in the internal temperature 
of the lens that is almost equivalent to driving the lens in a static power state corresponding to the weighted 
mean of the states forming the bifocal simulation.

In a second part of the experiment, the step response of the TL was measured at three different temperatures 
(21, 27 and 33 °C), as illustrated in Fig. 8a. From an overview, the magnitude of the distortions in the transient 
response seems to increase. The overshoot increases with the internal temperature of the TL. At 21 °C the over-
shoot has a value of around 25%, while at 33 °C the value increases to 50%. Also, the settling time is greater at 
higher temperatures going from 10 ms at 21 °C to around 15 ms at 33 °C. To analyze the consequences of the 
variations in the transient response of the TL due to temperature, a multifocal pattern simulation was measured 

Figure 3.  Polynomial model compensation of temperature effect in a TL during long static states of different 
optical power. (a) Graphical description of the result of compensation strategy showing the optical power 
stabilization in time. (b) Internal temperature profile of the lens during the experiment with different target 
power states. Measured optical power of the lens while heating (c) with different driving signals and cooling 
(e) at rest state. Estimated deviation calculated from the difference between target power and measured optical 
power in the heating (d) and cooling (f) processes. (g) Histogram of optical power deviation while heating (red) 
and cooling (blue).
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with internal temperatures of 21 °C, 27 °C and 33 °C. Figure 8b,c and d represent the results of this simulation 
in terms of through focus visual Strehl ratio metric (TFVS) without applying any compensation strategy. We 
can observe that as temperature increases, the defocus profile is shifted to higher optical power values showing 
a deviation comparable to the one observed in the characterization of the TL in static experiments. A maximum 
of 0.40 dpt deviation at 27 °C and 0.80 dpt at 33 °C. In Fig. 8e,f and g the same simulation is measured but, in 
this case, the experimental compensation strategy is applied to quantify the performance in fast dynamic situ-
ations. A much better accuracy on the simulations is observed. The shift due to the temperature increment and 
consequently the internal fluid expansion, is compensated. However, there is a slight difference in the shape of 
the TFVS profile due to the step response variation with temperature.

Discussion and conclusion
As initially hypothesized, the variations in the internal temperature of the tunable lenses can considerably affect 
their performance. The main purpose of the experiments carried out was to characterize this phenomenon and 
to try different methods to correct it to improve the precision of the lenses.

Concerning the experimental characterization, the following statements summarize the results obtained: 
The internal temperature of the TL depends on the ambient temperature and the electrical signal applied in the 
previous minutes. The temperature of the lenses increases when driving the lens at medium/high currents. After 

Figure 4.  Experimental model compensation of temperature effect in a TL during long static states of different 
optical power. (a) Graphical description of the result of compensation strategy showing the optical power 
stabilization in time. (b) Internal temperature profile of the lens during the experiment with different target 
power states. Measured optical power of the lens while heating (c) with different driving signals and cooling 
(e) at rest state. Estimated deviation calculated from the difference between target power and measured optical 
power in the heating (d) and cooling (f) processes. (g) Histogram of optical power deviation while heating (red) 
and cooling (blue).

Table 1.  Summary results of optical power deviation for the three models and repetition measurements.

Correction method Maximum ∆OP heating (dpt) Maximum ∆OP cooling (dpt)

No correction (characterization) 1.00 1.60

Optimized fit 0.16 0.50

Polynomial fit (2lenses)
0.25 0.90

0.12 0.70

Experimental correction (2lenses)
0.18 0.35

0.27 0.45
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40 min at a static nominal power of 5 dpt, the internal temperature exponentially increased from 28 °C to 45 °C. 
This resulted in the expansion of the internal fluid producing an optical power deviation of 1.0 dpt (1.5 dpt when 
cooling down), representing a 20% distortion for heating and 30% for cooling. Remarkably, temperature affects 
more the low-power states when the electrical driving signal is lower.

The characterization of the lens provided enough information to develop three mathematical models as a 
strategy for compensation of this effect. In case it is not possible to access the internal temperature sensor of the 
TL, we also developed an equation that can be used to predict the temperature variation due to driving the lens 
considering only the ambient temperature. To obtain this equation, we have listed all the variables we expected 
to affect the internal temperature of the lens. The exponential coefficient appeared clear from the shape of the 
temperature variations and using the Matlab fitting tool, we were able to find a consistent solution. As a result, 
the heating and cooling process of the TL when driving it at a specific voltage signal can be well described with 
the following equation:

where T is the internal temperature of the lens at a certain time, Tenv is the environment temperature, T0 is the 
initial temperature (which can correspond to the environment temperature or any else if the lens has been driven 
before) and t refers to time (in seconds). A = 0.02357 and B = 0.0005752 are constants that defines the maximum 
or minimum temperature that the lens can reach depending on the magnitude of the driving signal z. Finally, 
the C = 560 constant corresponds to the decay constant of the exponential function and describes the speed at 
which the temperature reaches the plateau.

The internal cooling of the lens can be approximated by the same exponential decay equation, similar to the 
discharge of a capacitor. The sign of the exponential factor is defined by the ((Ax + Bx2)+ Tenv − T0) multiplying 
term. Each time, a different electrical signal is applied to the TL, the previous equation represents the expected 
temperature evolution of the lens depending on the signal applied to the lens and the ambient temperature. To 
show the application of this principle and test the accuracy of the equation, it is applied on the hysteresis and 
random experiments. Plotted in red in Fig. 9b,d we can observe the predicted temperature variation expected 
for the lens when driven with a specific signal profile, in this case, following the hysteresis (Fig. 9a) and random 
(Fig. 9c) experiments.

In terms of temperature, a multifocal simulation (fast alternance among optical powers in cycles of 20 ms) 
is equivalent to driving the lens with a static power state that corresponds to the mean of all the power states 

(1)T(t,Tenv , z) = T0 +
((

Az + Bz2
)

+ Tenv − T0

)

(

1− e
−t
C

)

,

Figure 5.  Hysteresis experiment description and performance of the three compensation methods used to 
correct temperature effect. (a) Optical power and temperature profile of the lens during a hysteresis experiment. 
(b) Internal temperature variation and stability region. (c,d) Optical power measured values and deviations with 
respect to nominal value when no temperature correction is applied. (e,f) with optimized model for temperature 
compensation. (g,h) with polynomial model compensation and (i,j) with experimental model compensation.
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Figure 6.  Random experiment description and performance of the three compensation methods used to 
correct temperature effect. (a) Optical power and temperature profile of the lens during a random sequence 
of power states for characterization without compensation strategy, and (b) with the polynomial correction 
for temperature compensation as an example. (c) Internal temperature variation and stability region. (d,e) 
Optical power measured values and deviations with respect to nominal value when no temperature correction 
is applied. (f,g) With optimized model compensation. (h,i) With polynomial model compensation. (j,k) with 
experimental model compensation.

Figure 7.  Dynamic experiment description. (a) Optical power profile of a static state of 154 counts (red), a low 
static state of 60 counts (blue) and a bifocal driving signal (yellow) comprising both states. (b) Lens internal 
temperature profile for each signal.
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covered by the lens weighted by the time spent at each. This confirms that the internal temperature of the lens is 
not affected by driving the lens dynamically but by the total amount of current flowing through it.

Also, we found an unexpected result in the transient temporal response of the TL when driven at high speed: 
the temporal distortions increase with the internal temperature. This phenomenon, not described earlier and 
only noticeable in fast applications, could be related to potential changes with temperature in the viscosity of the 
fluid, the elasticity of the membrane, or the mechanism of the actuator.

When the compensations were applied, the lens required less current to achieve the target optical power states. 
Since the temperature increase depends directly on the applied current, the increase in internal temperature was 
lower, making the system more stable and, at the same time, reducing the energy consumption.

All the compensation methods described (optimized, polynomial and experimental fitting) provided an 
improvement in the performance of the lenses. The polynomial equation gives a little worse result in some experi-
ments/conditions than the optimized fit. However, it describes better the behavior of the lens in the complete 
optical range, especially near 0.00 dpt. The experimental method gives similar results, or even better in some con-
ditions. This is an important result with practical implications, since the last method provides a good calibration 

Figure 8.  Characterization of TL dynamic behavior at different temperatures. (a) Step response measurement 
of the TL at 3 temperatures 21 °C, 27 °C and 33 °C. TFVS ratio of the simulation of a multifocal lens design at 
(b) 21 °C (c) 27 °C and (d) 33 °C. The same simulations are performed applying the experimental correction to 
compensate the deviation in optical power due to temperature (e) 21 °C, (f) 27 °C and (g) 33 °C.

Figure 9.  Prediction of internal temperature evolution of a TL in response to different power profiles. (a) 
Measured optical power during hysteresis experiment. (b) Measured internal temperature (in blue) and 
calculated prediction (red) for hysteresis. (c) Optical power profile for random experiment and the resulting 
internal temperature variation (d), measured (blue) and predicted (red).
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without a complete characterization of the lens. Modelling and compensation reduced the maximum deviations 
from 1.00 to 0.20 dpt when heating (from 1.5 to 0.35 dpt when cooling) and the distortions from 20 to 4% and 
from 30 to 7% with regard to the 5 dpt maximum nominal step. Compensation reduced temperature effects by 
more than 75%, representing a considerable improvement in the performance of the lens. Similar improvements 
were obtained in dynamic and hysteresis experiments. The only drawback of the experimental model is that it 
presents small deviations in reaching the target nominal power values showing a slight curvature in the relation 
between measured power against target nominal power in Fig. 6j, for example. This is because the mathematical 
equation of the experimental model was built with the hypothesis that voltage signal affects the optical power 
of the TL linearly. However, after analyzing the results of the different experiments, it appears that it could work 
even better with a second order term.

The correction methods are not influenced by external temperature changes. The ambient temperature was 
not actively controlled and even if it varied during the experiments (e.g. Fig. 4b), the final optical power was not 
affected. The compensation models are robust. The same calibration was used in a second lens unit obtaining 
very similar results. Therefore, it is not necessary to characterize individually each lens. Although it would be 
the ideal approach to at least quantify the optical power offset of each lens.

In this study, we presented: First a characterization method to evaluate the magnitude of the optical power 
deviations due to internal temperature shifts in liquid tunable lenses when driven at different operation condi-
tions as static powers, hysteresis cycles, random states and fast dynamic simulations. Second, three different 
mathematical models (experimental, polynomial and optimized) to predict and correct the response of the lens 
with temperature, reducing by 75% the deviation in optical power produced. Third, a prediction of the internal 
temperature shifts while using the TL at different time spans ranging from milliseconds to minutes without 
accessing the internal temperature sensor. And finally, a real time compensation tool based on the integration 
of the mathematical model into a custom voltage electronic driver.

Methods
Static power variations, hysteresis measurements, random optical power variations and dynamic states experi-
ments were carried out to obtain a full characterization of temperature effect on TLs. Three mathematical models 
were developed to compensate for (and predict) power deviations due to temperature variations. A custom 
electronic driver of the lens was developed to perform those experiments. To accurately measure the response in 
optical power of the TLs during the temperature changes, a low-cost low-speed version of a focimetry  system32 
was used.

Samples and specifications. The experiments in this study were carried out using two units of EL-
10-30-C tunable lens model from Optotune AG (Switzerland). The optical power ranges from 5 to 12 diopters 
(dpt). According to the technical specifications of the TL  model29, internal temperature variations have two 
effects: When heating up, first, the refractive index of the fluid decreases, producing a decrease in optical power. 
Second, the internal fluid of the lens expands in volume ending up in an increase of the optical power. The sec-
ond effect prevails and the resulting increase in optical power has been evaluated to be approximately 0.7 diop-
ters for a 10 °C temperature increase. Also, according to the TL manufacturer, the sensitivity in optical power to 
temperature changes along the dioptric range. The sensitivity is higher (around 10%) when the lens is driven at 
low currents, and lower when the lens is driven close to its higher current limit. The study was performed using 
two samples of one specific lens model, but the methods and strategies we are presenting can be applied to other 
TLs that have similar working principles and suffer from temperature variation effects.

High‑speed tunable lens driver and temperature registering. In previous works from Dorronsoro 
et al.32, a custom high-speed driver for TLs was specifically developed for temporal multiplexing applications. 
It includes hardware, firmware and a control interface. The electronics basis comprises an Arduino Nano 3 
(Arduino, Italy) and a DRV8833 Dual Motor Driver (Texas Instruments, TX). The lens is driven with a volt-
age pulse width modulation (PWM) signal at 32 kHz to achieve a high temporal accuracy for generating fast 
dynamic optical power profiles (in the order of milliseconds; ms). It can also work in dual channel, with syn-
chronization, for binocular applications. The amplitude of the PWM voltage signal ranges from 0 to 5 V and is 
specified in digital counts that go from 0 to 255 (an 8-bit timer is used to generate the signal). The ‘digital counts’ 
notation is used in the calibration of the lens and during the experiments. The reason for using it is because 
exact voltage values would require an additional voltmeter constantly plugged in and metric conversion to inter-
act with the driver, thus increasing unnecessarily the computation requirements when applying the correction 
models presented in Sect.  “Mathematical models and compensation strategies”. The custom driver fulfills all the 
compatibility requirements of the TL model used in this study. Also, it uses the temperature sensor included 
(SE97B) to register internal temperature data with 0.125 °C resolution. The firmware is configured to retrieve 
the internal temperature of the TLs each half second using the I2C protocol. The control interface is developed 
in Matlab 2019 (MathWorks, Natick, MA) and has the capability to drive the tunable lens in different modes 
and display its internal temperature as well as some flow monitoring messages. Ambient temperature was not 
actively controlled during the experiments since in previous tests we observed that at room temperature (10 °C 
to 35 °C) it only affected the initial internal temperature of the lens but not its behavior. The results of prediction 
of internal temperature discussed in Eq. (1) confirm this statement.

Measurement system. To estimate the TL’s optical power, we used a custom-built optical set-up that con-
verts the optical powers of the TL into lateral displacements of a reference object. The concept was previously 
described as High-Speed  Focimetry33, but in this study we use a low-cost implementation with a conventional 
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CMOS camera (DCC1545 by Thorlabs, Inc. US) instead of a high-speed camera, and a leaking optical fiber 
(chemically attacked with acetone, coupled to a red laser), as a reference object instead of an illuminated slit. 
The lateral shift of the reference, that gauges the optical power, is generated with a prism. The images are pro-
cessed using custom Matlab routines, applying the results of a calibration performed a-priori (see “Calibration 
of measurement system and driver”). The TL is mounted in an optical module that reduces the offset optical 
power of the lens by 6 diopters to bring the minimum power close to zero diopters. Also, it makes the system 
more compact, encapsulating the sample lens in a plastic case that will retain heat, simulating the use of the TL 
in real world applications.

Calibration of measurement system and driver. First, a direct relationship between the lateral dis-
placement of the stimulus image (in pixels) and the optical power (in diopters, dpt) is obtained by using trial 
lenses, from -1D to + 5D, at a secondary pupil plane optically conjugated to the TL under study, while the TL is 
at idle state (no current). Once the measurement system is characterized, a calibration of the driver and TL set is 
performed without any trial lens in the system to obtain a first estimation of the relation between voltage applied 
to the lens (in digital counts from 0 to 160 counts) and the position of the stimulus (in pixels). The precision of 
the system is 0.05 dpt which corresponds to 1 pixel displacement of the stimulus image. Those measurements are 
performed without considering the effect of temperature on the lens, although the internal temperature of the 
TL was maintained stable during the whole process by including a rest time of 20 s between each digital count 
measurement. Then by using both calibrations (system + driver), the relationship between the voltage applied to 
the lens (in digital counts) and the optical power it provides (in diopters) is obtained.

Experiments to characterize the effect of the temperature on the tunable lens. We performed 
four sets of experiments to characterize the effect of the variations in internal temperature on the optical power 
of the TL, in the complete range of optical power and in different situations, to guide, adjust, and evaluate the 
compensation strategies introduced in Sect. “Mathematical models and compensation strategies”.

Static experiment. In this first experiment the lens was driven with a predefined voltage signal for 40 min and 
then with a home value (corresponding to 1 dpt) for other 40 min. Nine predefined voltage signals were meas-
ured, corresponding to optical powers from 1.50 to 5 dpt, in 0.50 dpt steps. The whole experiment took 12 h 
per lens, providing a complete and precise characterization of the internal temperature variations and the lens 
behavior during heating and cooling. The results of this experiment were used to adjust the mathematical mod-
els guiding the compensation of temperature effects, described in Sect. “Mathematical models and compensation 
strategies”. This is the simplest scenario in which we could use a TL lens. Maintaining a certain optical power 
during seconds or minutes while performing another task with the optical system, as in a traditional microscope 
or in a photography session after finding the right focus.

Hysteresis experiment. In this second experiment, the TL input was a stair of states (digital counts), starting 
from 30 counts and ending at 180 counts in steps of 10, then a descending from 180 to 30, to close the cycle. 
Each state was driven during 30 s in which the internal temperature and optical power are registered every 0.5 s. 
Each cycle was repeated 5 times, to test the hysteresis of the TL. This experiment mimics the behavior of the TL 
in slow scanning applications as 3D microscopy.

Random experiment. To perform the third experiment, an array of 1000 randomly ordered optical states, cor-
responding to optical powers in between 1 and 5 dpt (in steps of 0.50 dpt) was created according to the initial 
calibration. Each power state was maintained for 5 s while the internal temperature was registered. Here, the 
hysteresis is tested in a different way, making the lens work at random steps to analyze the behavior across the 
whole range and for different magnitude jumps.

Dynamic states experiment and step response. In some applications, as in temporal multiplexing for the simula-
tions of multifocal corrections, or in-depth sectioning of a volume, it is necessary to change the optical power of 
the tunable lens every few milliseconds, with abrupt transitions. The dynamic behavior of the lens is critical in 
several applications as fast scanning or multifocal ophthalmic correction simulations, as well as the drift induced 
by internal temperature variations.

In the first part of this last experiment, a bifocal simulation (a bistate wave of nominal optical power shifting 
between 1 and 4 dpt every 10 ms) was programmed and ran for 40 min while the internal temperature changes 
were registered. The results are compared to a monofocal simulation (a stable state).

The second part of this fourth experiment consisted in measuring with a high-speed  camera32, at three 
internal temperatures (21, 27 and 33 °C) that are expected to be reached during operation of the lens at room 
temperature: (1) the step response describing the dynamic behavior of the TL; and (2) a complex multifocal pat-
tern simulation very sensitive to the shape of the step  response34. The multifocal simulation is very similar to the 
bifocal simulation but have different additions or optical power coefficients and the electrical signal is optimized 
to compensate the transient response of the lens measured at 21 °C35. The performance of the TL simulation at 
different temperatures was evaluated in terms of the through-focus Visual Strehl ratio (TFVS)36, and compared 
with the real physical lens simulated.

Mathematical models and compensation strategies. It is important to mention that the manufac-
turer have developed a custom method to compensate the temperature  effects37. It is based on an interpolation 
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algorithm that makes use of an internally stored calibration of the lens’ optical power versus current at two tem-
peratures (20 °C and 50 °C). The results are very good (0.1 dpt maximum deviation) but require using a specific 
current driver that limits the design possibilities. For example, driving the lens with a voltage signal, binocular 
applications, or the need of using the TL integrated in an optical system requiring a specific characterization. For 
these reasons, more robust mathematical models of the behavior of the tunable lens, in a 3-dimensional space of 
optical power, internal temperature, and electrical signal, were developed and used to guide strategies to charac-
terize, compensate and predict the effect of temperature.

Analyzing the experiments, it is clear, at least on the characterization using the long heating and cooling 
cycles of alternating static powers (Sect. “Static experiment”), that the dependent variable is the optical power, 
while the independent ones are the voltage driving the lens and its temperature. However, the model equations 
are written with driving voltage as the dependent variable since it is an inverse regression or what is called in 
statistics, a calibration  problem38. We are trying to estimate the driving electrical signal required to achieve a 
target optical power. In this way, the correction equations can be directly implemented on the electronic driver to 
test their accuracy. We tested many non-linear equations using the Trust-Region algorithm of the Matlab’s curve 
fitting tool, which were evaluated considering the goodness of the fit to the characterization experiment data. 
Three models were finally developed and are referred to as the optimized, the polynomial and the experimental. 
They are built on the same basis: an offset constant and two linear coefficients, one relating target optical power 
to the voltage signal, and the other relating temperature to the electrical signal. Starting from this foundation, 
additional terms were included to try to improve the goodness fitting indicators following different strategies. 
Figure 10 shows the graphical representation of the three models developed.

Optimized model. In the optimized model, several types of coefficients were tested, including exponentials, 
square roots, and different kind of cross terms between temperature and optical power with just the objective to 
find the best fitting performance while maintaining the possibility to include the calculations on a simple micro-
controller. The resulting equation is the following:

where x corresponds to optical power in dpt and y corresponds to the temperature of the lens (ºC). The 3D curve 
representation is illustrated in Fig. 10a. The coefficients providing the best fit were: A = − 23.760, B = − 19.230, 
C = 3.338, D = − 2.265, E = 0.852 and F = 108.900.

As can be observed in Fig. 10, the optimized model is diverging near 0 dpt which is not a real description of 
the lens physical behavior. This is because there is no characterization data at this part of the optical range. How-
ever, in the implementation of the algorithm in the microcontroller the lens is limited to not use this part of the 
range. The temperature correction algorithm reduces temperature effect when the lens is warmer by decreasing 
the electrical signal, therefore near zero diopter conditions can only be reached at certain temperatures (due to 
physical limitation of the lens).

To compare the models, three different standard indicators evaluating the goodness of the fitting were used: 
Sum of squared estimate of errors (SSE), Coefficient of determination (R-square) and Root mean square error 
(RMSE). The number of samples used to build the three models is 9600. For the Optimized model the results 
were: SSE 5.167 ×  104, R-square 0.9997, and RMSE 0.794. To make easier the evaluation of the fitting factor 
results, 1 count with the lens at 30 °C can be approximated to an average value of 0.034 dpt according to the 
characterization dataset.

Polynomial model. The Polynomial model, illustrated in Fig. 10b, followed a second-order polynomial equa-
tion in optical power and a first-order polynomial in temperature, with a first-order cross term:

(2)Counts
(

x, y
)

= A+ B ∗ x + C ∗ x2 + D ∗ y + E ∗
y

x
+ F ∗

√
x,

(3)Counts
(

x, y
)

= A+ B ∗ x + C ∗ y + D ∗ x2 + E ∗ x ∗ y,

Figure 10.  Graphical representation of the 3D fitting models tested as a compensation method for temperature 
effects on the TL. Optimized model (a), Polynomial model (b), and experimental model (c).
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where x corresponds to optical power in dpt, and y refers to the temperature of the lens in °C. The coefficients 
obtained were: A = 55.990, B = 20.100, C = − 1.676, D = 1.904 and E = − 0.064, and the goodness parameters SSE 
6.921 ×  104, R-square 0.9996 and RMSE 0.919. If added, other polynomial terms result in non-relevant coefficients 
(<  10–5), inducing confusing dependencies without improving the goodness of the fit.

Even though the polynomial model provided worse fit indicators, it resulted in a better representation at low 
optical powers. Also, it is simpler physically and requires less computational resource. While the polynomial 
model represents near 0 dpt values with a lower electrical signal, the optimized model equation diverges near 
0 due to the yx coefficient.

Experimental model. The model describing the experimental method (Fig. 10c) is based on the simple calibra-
tion of the driver presented in Sect. “Calibration of measurement system and driver”: a linear equation relating 
optical power and voltage, obtained at a reference temperature. To compensate the effects of temperature, two 
components were added in the equation. The first one, C, is a fixed coefficient that introduces a linear depend-
ence with the temperature increment, and the second one, D, introduces a cross term between temperature 
increment and target optical power. This last coefficient was intended to compensate for the distinct sensitivity of 
the lens to temperature across its optical power range. This phenomenon was described by the manufacturer and 
observed in the initial characterizations. The value of the coefficient and its sign was fixed using an experimental 
optimization process. The resulting equation is the following:

where x corresponds to optical power in dpt, y refers to the actual temperature of the lens in °C, TC is the reference 
temperature at which the calibration was performed and xmax is the maximum value of optical power of the lens. 
The coefficients A and B are defined by the calibration, in this case A = 2.880 and B = 30.310. The compensation 
coefficients were optimized considering the electrical driver resolution and the smallest variation in temperature 
producing a noticeable deviation in optical power, resulting in optimal values C = 0.500 and D = 1.500. This model 
provides a SSE 2.234e + 06, a R-square 0.988 and a RMSE: 5.223.

Implementation of compensation strategy in TL driver. Once the model equations were fitted, the compensa-
tion strategy was implemented in the TL driver by storing the equation in the memory of the microcontroller. 
The algorithm developed, checks the temperature every 0.5 s. Each time the temperature increases or decreases 
1 °C or more, the voltage driving the lens is recalculated according to the equation and applied to compensate 
the temperature effects. The temporal sampling period was chosen to correctly trace the temperature variations 
without overcharging the microcontroller. The temperature variation limit was set considering the resolution 
of the timer (8 bits) generating the PWM voltage signal, to avoid unnecessary calculations providing variations 
below the rounding threshold.

Data availability
Data underlying the results presented in this paper are not publicly available at this time but may be obtained from 
the authors upon reasonable request. Please contact Y.M. at ymarrakchi@2eyesvision.com for more information.
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