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Summary:

A passive optical relative humidity threshold indicator is presented for irreversible recording of selected
humidity exceedance events. The system is based on a low-cost, humidity-responsive biopolymer film
with functional additives selected with future application and biocompatibility requirements in mind. Ex-
posure to the assigned humidity threshold triggers disappearance of a visible structural-optical re-
sponse, which remains absent after return to the reference humidity. Representative threshold variants
showed complete visual loss of diffraction after exposure to RH values of 60, 70 and 80 percent, while
the diffractive response remained visible after exposure to the highest sub-threshold RH level tested
under the applied exposure protocol. The transition was confirmed by reflected optical intensity meas-
urements. The concept offers a simple, battery-free route toward passive humidity threshold labels.
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Background, Motivation and Objective

Relative humidity (RH) is a critical parameter in
packaging, storage, logistics and environmental
monitoring, especially when exposure above a
defined RH limit can affect material or product
stability. In many practical cases, continuous
RH monitoring is not required; instead, a low-
cost indicator providing direct information that a
selected RH threshold has been reached is suf-
ficient. Conventional electronic humidity sen-
sors offer quantitative readout, but they require
power supply, electronics and data acquisition.
This creates a need for passive, single-use indi-
cators capable of permanently recording RH ex-
ceedance events.

Optical humidity sensors based on changes in
light transmission, reflection, refractive index,
diffraction or structural color have attracted con-
siderable attention due to their simple readout
and potential for visual detection [1—4]. Pho-
tonic and structural-color humidity sensors typi-
cally translate water uptake into reversible
spectral or color changes. In contrast, the pre-
sent work explores a passive RH threshold indi-
cator in which exposure to the assigned RH
threshold produces an irreversible binary visual
response based on the loss of a visible struc-
tural-optical signal.

The objective of this work was to demonstrate a
dye-free optical prototype of an irreversible RH
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threshold indicator operating in a binary readout
mode. The proposed system is designed as a
reader-free threshold label, where state O corre-
sponds to a visible optical response and state 1
corresponds to its permanent disappearance af-
ter exposure to an assigned RH threshold.

Description of the New Method or System

The sensor consists of a humidity-responsive bi-
opolymer-based film containing functional addi-
tives selected to support threshold activation,
low-cost implementation and future application-
oriented material requirements. The film carries
a microstructured optical surface that produces
a visible diffractive response in the initial state.
Upon exposure to the assigned RH threshold,
water uptake induces swelling and structural re-
laxation of the microstructured surface, leading
to disappearance of the optical response. After
return to the reference humidity, the response re-
mains absent, confirming the irreversible charac-
ter of the transition.

The readout principle is binary. State 0 corre-
sponds to visible diffraction before activation,
while state 1 corresponds to no visible diffraction
after exposure to the assigned RH threshold.
The indicator is therefore designed to record
threshold exceedance rather than to reconstruct
the full humidity-time profile. The visual response
was additionally verified by monitoring the re-
flected optical intensity before exposure and af-
ter return to the reference humidity.
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The operating principle of the indicator is sche-
matically shown in Fig. 1. The initial state corre-
sponds to a visible diffractive response, whereas
exposure to the assigned RH threshold activates
the system and leads to irreversible loss of the
structural-optical signal.
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Fig. 1. Conceptual scheme of the irreversible micro-
structured optical RH threshold indicator. State 0 cor-
responds to visible diffraction before activation. Expo-
sure to RH at or above the assigned threshold leads
to State 1, in which no visible diffraction is observed
after return to reference RH.

The platform is expected to be adaptable to se-
lected RH thresholds through material and struc-
tural tuning. Response-time control is also con-
sidered an important development parameter,
but it is not addressed quantitatively in the pre-
sent disclosure. The present contribution fo-
cuses on the sensing principle and functional
performance; detailed formulation and fabrica-
tion parameters are not disclosed at this stage
due to ongoing intellectual property protection.

Results

The response of selected threshold variants was
evaluated by combining visual inspection with re-
flected optical intensity measurements. The ini-
tial state was defined by a clearly visible diffrac-
tive pattern. After exposure to target RH levels
and return to the reference humidity, the final
state was classified according to whether the dif-
fractive pattern remained visible or disappeared.

Three representative threshold variants were se-
lected for public presentation: 60, 70 and 80%
RH. For each selected variant, the visible diffrac-
tive response was retained after exposure to the
highest sub-threshold RH level tested under the
applied protocol. In contrast, exposure to the as-
signed RH threshold resulted in complete disap-
pearance of the visible optical response. The ab-
sence of the response was retained after return
to the reference humidity, confirming irreversible
activation under the applied test conditions.

The protocol included controlled RH exposure,
RH stabilization and reflected-intensity monitor-
ing, while detailed response-time mapping is
considered a subject of ongoing work. The ob-
served optical transition was accompanied by a
strong loss of reflected intensity, confirming that
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the visual change corresponded to degradation
of the structural-optical response rather than to a
temporary humidity-induced optical fluctuation.

Tab. 1: Binary RH-threshold response under the ap-
plied exposure protocol. V = visible diffraction; ND =
no diffraction after return to reference RH.

Assigned RH Below At threshold
[%] threshold
60 50% RH — V | 60% RH — ND
70 60% RH — V | 70% RH — ND
80 70% RH — V | 80% RH — ND

The results confirm that humidity-induced loss
of a microstructured optical response can be
used as a passive memory of RH threshold ex-
ceedance. The system does not aim to continu-
ously track RH changes or reconstruct humidity
history, but to provide an irreversible 0—1 indica-
tion that a selected RH limit has been reached.
Further work will focus on sharpening the transi-
tion window, improving below-threshold stability,
evaluating response-time tuning and transferring
the concept toward a practical low-cost label for-
mat. The dye-free prototype presented here may
also serve as a platform for future integration
with colorimetric components, if required by the
target application.
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