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Alzheimer’s disease (AD) is characterized by progressive cognitive decline, with spatial
memory impairment being one of its earliest symptoms. To support efficient and accurate
behavioral assessments in rodent models of AD, we developed an automated, microcontroller-
based radial arm maze integrated with eight infrared (IR) distance sensors. In contrast to
traditional camera-based systems, our design eliminates the need for human intervention and
visual tracking, offering consistent and reliable performance across diverse lighting conditions.
The system enables the precise quantification of latency and short- and long-term memory
errors. In validation experiments, rats in the AD group exhibited significantly longer latencies
and higher memory error rates than sham controls beginning on Day 21 following Ap1-42
injection, confirming the system’s sensitivity to cognitive decline. Additionally, spatial trajectory
maps indicated more disorganized searching patterns and frequent pausing in AD rats. These
results demonstrate the effectiveness of the proposed maze system as a robust, low-cost platform
for automated cognitive assessment in preclinical AD research.

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia and a leading cause of
cognitive impairment in the aging population. One of its earliest clinical features is a progressive
decline in spatial memory, which is strongly associated with hippocampal dysfunction.(l-? To
evaluate therapeutic interventions and monitor disease progression, a variety of behavioral
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paradigms have been developed for use in rodent models, including the Morris water maze,3-%
Y-maze,:©) and radial arm maze (RAM).(-® Among these, the RAM has received considerable
attention for its ability to independently assess both short-term (working) and long-term
(reference) memory errors.®-10)

Traditional implementations of the RAM frequently utilize camera-based tracking systems to
monitor rodent behavior.(!:!2 Although these systems provide high spatial resolution, they are
subject to several critical limitations. First, their performance is highly sensitive to lighting
conditions and prone to overexposure—especially on the central platform—resulting in
misidentification or data loss.!319 Second, image-based systems often misclassify nontarget
objects such as droppings or shadows as the animal, leading to erroneous recordings and
unnecessarily prolonged trials.(!) These issues necessitate constant human supervision or real-
time intervention, thereby reducing experimental efficiency and increasing labor demands.
While some research groups have attempted to address these drawbacks using advanced image
preprocessing techniques,(!319) the inherent reliance on stable lighting and controlled
environments remains a key constraint. Moreover, recent research has highlighted the need for
graphic processing unit (GPU)-intensive computing to support high-resolution tracking, which
limits the portability and scalability of such systems for routine behavioral assessments.(7)
Collectively, these limitations underscore the need for a reliable, lighting-independent alternative
for automated cognitive evaluation in AD models.

To overcome these challenges, the use of IR-sensor-based tracking systems has been
investigated in recent research. Unlike vision-based approaches, IR sensors operate
independently of ambient lighting and provide high temporal resolution without requiring image
processing.!®) These systems also minimize misclassification errors by directly detecting the
subject’s presence within predefined regions of interest.!”) However, many existing IR-based
solutions suffer from limited scalability or involve complex mechanical calibration, which
hinders their routine application in behavioral studies.??) To address these limitations, we
propose a novel microcontroller-based radial arm maze equipped with eight IR distance sensors
and an automated data acquisition framework. This system is designed to enhance the reliability
and efficiency of cognitive assessments in AD rodent models while maintaining high sensitivity
to spatial memory performance.

The remainder of this paper is organized as follows. In Sect. 2, we describe the mechanical
structure of the automated maze system, along with its hardware and software design. The
experimental validation results obtained using Alzheimer’s disease (AD) rat models are presented
in Sect. 3. In Sect. 4, we provide a detailed discussion of the system’s performance, limitations,
and potential improvements. In Sect. 5, we conclude the study and include a summary of the
findings and suggestions for future research directions.

2. Methods

An automated, microcontroller-based radial arm maze was developed to quantify spatial
learning and memory performance in small laboratory animals, such as rats. The apparatus
comprises two primary components, namely, a circular central platform and eight detachable
arms, all fabricated from black acrylic sheets, as illustrated in Fig. 1. The arms are designed for
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Fig. 1.  (Color online) Photographs of the proposed system. (a) Assembled radial arm maze, (b) MCU mounted
beneath the central platform, and (c) an IR distance sensor installed at the end of an arm.

plug-in assembly and easy disassembly, allowing for convenient storage and transport. The entire
maze is elevated 10 cm above the working surface to accommodate the placement of the
microcontroller unit (MCU) and associated electronic components beneath the platform.

A Sharp GP2Y0A21 IR distance sensor is mounted at the end of each arm to detect the presence
of the rat. To minimize interference between opposing arms, the sensors are vertically offset at
alternating heights of 2 and 3 cm above the maze base. The analog signals from the sensors are
collected by an STM32F407 microcontroller, which processes the data to determine the rat’s
position. The processed data are then transmitted to a PC via a Wi-Fi module (ESP8266), enabling
real-time monitoring through a custom graphical user interface. The system supports both local
area network (LAN) and Internet-based data communication. During experiments, rats move
freely among the arms, and their positional data are continuously recorded for subsequent
behavioral analysis.

2.1 Design

Schematics of the maze apparatus are shown in Fig. 2. As illustrated, the central platform has a
diameter of 23.5 cm, each arm measures 24.2 cm in length, and the angle between adjacent arms is
45°. A mechanical adaptor measuring 48 x 10 x 35 cm? (L x W x H) connects the arms to the
central platform. Each IR sensor is capable of measuring distances up to 80 cm; however, during
field tests, interference was observed from opposing sensors owing to overlapping detection
zones. To address this signal coupling issue, each opposing sensor pair was mounted at slightly
different heights of 2 and 3 cm above the base. This vertical misalignment significantly reduced
signal interference, which was further attenuated through digital filtering.
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Fig. 2.  (Color online) Schematics of (a) the central platform, (b) an arm, and (c) the assembly of (a) and (b).

2.2  Circuits

The subject’s position was tracked using eight IR distance sensors connected to an MCU,
which transmitted the position data to a PC via a Wi-Fi module. The baited arms were defined
through the PC interface prior to each trial. When the rat entered an arm, the corresponding sensor
detected its presence, and the system recorded the entry. Conversely, when the rat returned to the
central platform, its position was considered invalid and was excluded from arm-specific tracking
data.

2.2.1 Control unit

As shown in Fig. 3, the control unit consists of a DC power supply, an STM32F407
microcontroller (STMicroelectronics), eight GP2Y0A21 IR distance sensors, an ESP8266 Wi-Fi
module, and a PC. The hardware connections among these components are briefly described
below.
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Fig. 3. Hardware links.

2.2.2 Microcontroller

The system is powered by a standard DC power supply, providing stable voltages for both the
microcontroller and IR sensors. A high-performance STM32-based microcontroller is
responsible for collecting analog signals from the IR sensors, converting them to digital form,
and transmitting the processed data to the connected PC via Wi-Fi. This setup enables real-time
tracking, error calculation, and latency assessment without the need for manual intervention.
The port assignments of the control unit are summarized in Table 1.

2.2.3 IR distance-measuring sensors

In this work, eight Sharp GP2Y0A21 distance-measuring sensors were employed to build the
presented maze. Each sensor is an integration of a position-sensitive detector (PSD), an IR
emitting diode (IRED), and a signal-processing circuit. The package dimensions are 29.5 x 13 x
13.5 mm?3, providing a distance measuring range of 10-80 cm and an analogue voltage output. In
the sensor, the ambient temperature interference can be well reduced by the triangulation
method.

2.2.4 Wi-Fi module

ESP8266 is a small-packaged UART Wi-Fi module featuring ultralow power consumption
and is exclusively engineered for mobile devices and IoT applications. ESP8266 can be applied to
any microcontroller design as a Wi-Fi adaptor through SPI/SDIO or UART interfaces. Physical
devices can be connected to IoT or LAN via ESP8266.
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Table 1

Microcontroller port assignment.

Port in microcontroller Function

Port D.12, 13, 14, 15 System status indicator

Port A.1, 2, 3, 4; Port B.1; Port C.5, 13, 14 ADC, capture signal from IR distance sensor
Port B.10, 11 USART, communicate with PC

2.3 Software

Before designing the software, it is important to define the rules defining entry into and exit
from the maze arms. Equation (1) represents the distance parameter sensed by any IR sensor
over time, where D,, represents the sensed distance parameter and x denotes the number of
sensors. When a rat enters a particular arm, the corresponding arm sensor starts sensing the
distance data between the rat and the end of the arm. A distance of less than 20 cm indicates that
the rat has entered that arm, as shown in Eq. (2). Subsequently, the distance of "none" displayed
by that sensor signifies that the rat has exited that arm, as depicted in Eq. (3). When Egs. (2) and
(3) occur sequentially, the count of the rat entering that arm once accumulates, as expressed in
Eq. (4), where C »_Tepresents the cumulative count parameter for that arm.

Dy (t)=10—-80 cmornone, x=1,2,...,8 (D
Dy (1) <20 cm, entering an arm 2
Dpp. (¢) =none, exiting an arm 3)

Cir, =Cpg, +1 )

The software of the presented radial arm maze system is divided into two parts: (a) firmware
loaded in the microcontroller and (b) software loaded in the PC. The former is used to detect the
position of the rat in the maze, to evaluate the numbers of long- and short-term memory errors,
to evaluate the latency, and to transfer data to the PC, while the latter instructs a user interface
and is designed to process and display data.

A firmware, written in C language, was loaded into the microcontroller. It includes a main
program and a timer interrupt service routine. As illustrated in Fig. 4(a), the main program
receives commands issued by the PC for operation. As the first step, specify four out of the eight
arms that contain food at respective food sites. Then, place a rat into the central platform of the
maze. The moment the Ul button on the PC screen is clicked, maze operation is enabled, and the
position of the rat is monitored in real time using the built-in counter in the MCU and eight
distance-measuring sensors, and transmitted to the PC for plotting a search pattern over time. As
the experiment progresses, the number of times that the rat reaches the end of each arm is
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Fig. 4. (Color online) Operation flow chart of (a) the radial arm maze and (b) timer interrupt service routine 0.

counted until the last of the specified arms containing food, and the counter stops instantly.
Subsequently, the numbers of long- and short-term memory errors are obtained. As illustrated in
Fig. 4(b), Timer Interrupt Service Routine 0 adds 1 to N per millisecond, and then adds 1 to
Timer 0 when N = 1000, that is, 1 is added to Timer O per second.

2.4 Experimental procedures and system validation

Prior to animal testing, system functionality was validated in a darkroom using two object
models: a piece of white cardboard and a white stuffed toy, both selected to simulate the body
size and reflectance of a laboratory rat. Each object was manually guided from the central
platform to the end of each arm to evaluate whether the IR sensors could reliably detect entries
within the predefined 10—80 cm sensing range. Across 100 trials, the system achieved an average
spatial error of less than 2.5 cm, which is acceptable given that the average rat body length
exceeds 20 cm. These trials confirmed the accuracy and responsiveness of the sensor-based
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tracking under low-light conditions and demonstrated that the system output is not affected by
ambient lighting.

Following technical validation, a cohort of male Wistar rats (270-320 g) was obtained from
an approved supplier and housed in a controlled environment (24 + 1 °C, 12 h light/dark cycle) at
the Central Animal Facility of Chi Mei Medical Center. All experimental procedures were
conducted in compliance with the ARRIVE guidelines and approved by the Institutional Animal
Care and Use Committee (IACUC approval number: 108120116). Rats were randomly assigned
to either the sham group or the Alzheimer’s disease (AD) group. The sham group received
intracerebroventricular (ICV) injections of artificial cerebrospinal fluid (aCSF), while the AD
group received ICV injections of amyloid beta 1-42 (AB1-42) to induce neurodegeneration.

2.4.1 Induction of Alzheimer’s disease rat model

Rats were anesthetized using sodium pentobarbital [S0 mg/kg, intraperitoneal (i.p.) injection)]
(Sigma-Aldrich, St. Louis, MO, USA) and a mixture containing ketamine [4.4 mg/kg,
intramuscular (i.m.) injection] (Nankuang Pharmaceutical, Tainan, Taiwan), atropine [0.02633
mg/kg, (i.m.)] (Sintong Chemical, Taoyuan, Taiwan) and rompun [6.77 mg/kg, (i.m.)] (Bayer AG,
Leverkusen, Germany). Then, the anesthetized experimental animals were subjected to
stereotaxic head positioning and fixed to a Kopf stereotaxic apparatus (STOEITING Co.620,
WHEAT LANE WOOD DALE, ILLINOIS 60191/USA). After positioning, the parietal bone of
each rat was removed with a drill, and a microinjection syringe [microsyringe with a 28-gauge
3.0-mm-long stainless steel needle (Hamilton)] was implanted on the bregma. The coordinates
are 0.8 mm on the vertical axis, 1.4 mm on the horizontal axis, and 4.0 mm in depth. Amyloid
beta 1-42 (AP1-42) was injected into the bilateral ventricles (lateral ventricles) of the rat using a
microdialysis infusion pump (CMA/102; Carnegie Medicine, Stockholm, Sweden) at a rate of 0.7
pl/min, and the overall unilateral volume was 10 pl. After the experimental procedure, the
needle was removed, the wound was sutured with 4-0 polyamide suture, and the wound was
wiped with iodine. After the operation, the rat was moved to a warm blanket and its body
temperature was continuously maintained at 36.5 °C. The animal was moved to an independent
cage only after it was awake, and normal drinking water and feed were maintained.

2.4.2 Maze training and testing protocol

A 7-week program is illustrated in Fig. 5. As can be viewed on the timeline, the program
consists of a 2-week training program as the first stage and a 5-week testing program as the
second. The day that AP injections are performed is treated as a point of reference and denoted
as Day 0. Rats were placed into the presented maze and moved of their own free will over the
first 2 days of the training stage. Subsequently, food was placed at the food site located at the end
of each arm on the first 3—5 days, and the rats were guided to explore the new environment to the
end of each arm accordingly. Then, the formal training of 1-week duration commenced on Day
—7, so as to make the rats memorize the food locations. The 4-week testing program started on
Day 0, and the subjects’ performances were assessed on a weekly basis.
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Fig. 5. (Color online) Experimental timeline composed of a 2-week training period and a 4-week testing period
with four baited arms.

3. Results

In this study, a computer-side GUI was developed, as shown in Fig. 6. The interface is divided
into three sections: the left area for configuration, the central area for the real-time display of the
rat’s position, and the right area for related quantified cognitive parameters. After selecting the
Wi-Fi-associated COM port, researchers can designate the food arms and click the “START”
button. The system then automatically begins the detection of the rat’s position in the central
area while calculating and displaying cognitive parameters in the right area.

Figure 7 illustrates the trajectory maps of AD and sham rats on Day 35, where the rat’s
position was recorded every 200 ms. If a position point was continuously and repeatedly
detected, its area was expanded to represent pausing behavior, with the maximum point diameter
reaching 7.92 cm. As shown in Fig. 7, different point diameters correspond to various levels of
repeated detections: a 7.92 cm diameter represents more than 2000 consecutive repeated points,
a 6.48 cm diameter indicates 1000—1999 points, a 5.04 cm diameter corresponds to 500—999
points, a 4.32 cm diameter represents 200—499 points, a 3.60 cm diameter denotes 100—199
points, a 2.88 cm diameter indicates 10-99 points, and a 0.72 cm diameter represents 1-9
consecutive repeated points. The results clearly showed that the AD rats’ trajectories covered
almost all eight arms, with numerous large-area position points, indicating frequent pausing
behavior. In contrast, the sham rats exhibited fewer pauses, with position points primarily
concentrated in the food arms, suggesting preserved spatial memory and goal-directed behavior.

Table 2 shows the distribution of positional trajectories of AD and sham rats at different time
points. With time, AD rats exhibited increasingly prominent positional points and pauses.
Furthermore, in the later stages, they explored all arms regardless of the presence of food,
indicating a progressive decline in spatial memory. In contrast, the sham rats displayed consistent
trajectories over a period of weeks, primarily focusing on the arms containing food, with fewer
pauses. This behavior suggested that the sham group maintained spatial memory function
throughout the experiment.
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Sham rat

Fig. 7. (Color online) Trajectory maps of AD and sham rats on Day 35.

The spatial memory performance of rodents can be assessed using a radial arm maze. To save
manpower and time, an easy-to-use maze apparatus is designed and implemented herein such
that the latency and the short- and long-term memory errors can be measured and evaluated
automatically. The test performances of the sham and AD groups were compared and discussed
as follows.

The average latencies of the sham and AD groups are shown in Fig. 8(a). As can be seen, the
sham group had a latency of 400 s or so throughout the 5-week testing program, while the AD
group had a latency of 644 s on Day 21, meaning that the spatial memory loss problem developed
on Day 21 for the AD group.

The short-term memory errors are shown in Fig. 8(b). There was no statistical difference
between the two groups, namely, 4 times for each, until Day 21. However, the AD group showed
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Table 2
(Color online) Trajectory presentations of AD and sham rats at different time points.

Days AD rat Sham rat

Pre-surgery

Day 14

Day 21

Day 35

8.9 occurrences of short-term memory error on Day 21. Short-term memory error has been
known to appear in the early stage of Alzheimer’s disease, that is, Day 21 in this case.

Figure 8(c) shows a plot of long-term memory errors. As it turned out, both groups show error
of 2 to 3 times until Day 21. Nonetheless, the upper bound of long-term error, i.e., error of 4
times, was attained on Day 28, meaning that the long-term memory error started to develop
from then.

4. Discussion

In this study, we present a user-friendly radial arm maze apparatus specifically developed for
the automated assessment of spatial memory performance in experimental subjects. The system
integrates a microcontroller and eight IR distance sensors, one mounted at the end of each maze
arm. It autonomously records both the timing and frequency of arm entries, thereby enabling the
precise evaluation of short- and long-term memory errors. This automated process eliminates
the need for manual observation and, more importantly, minimizes the risk of human-induced
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Fig. 8.  Weekly spatial memory performances of sham and AD groups for (a) the latency and (b) short- and (c) long-
term memory errors.

errors during data collection. In contrast, most commercial radial arm maze systems rely on
image recognition algorithms for subject tracking. However, with those systems, droppings are
often misidentified as stationary animals, resulting in prolonged or even indefinite trials, despite
the subject’s continued exploratory behavior. A frequently adopted but inefficient strategy
involves the real-time manual removal of droppings to maintain tracking accuracy. Given that an
AD model rat typically requires more than 15 min to complete a food-searching task, researchers
are required to monitor the entire trial duration, thereby increasing labor demands considerably.
To overcome these limitations, in the present study, an IR-sensor-equipped radial arm maze is
introduced as a fully automated and unmanned solution that eliminates tracking-related errors.
The system enables the accurate real-time localization of the subject, ensuring the reliable
quantification of latency and both short- and long-term memory errors. A key advantage of this
design lies in its ability to operate under all lighting conditions, including total darkness, since
IR sensors function independently of ambient light.

Table 3 presents the results of a comparative analysis of key features of the proposed IR-
sensor-based tracking system and a conventional image-based tracking algorithm (D, As
discussed in Introduction, the proposed method offers improved latency resolution, robust
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Table 3
Major features of the two subject tracking techniques.
Features Image-based tracking algorithm'! This proposal
Overlit sensitivity Susceptible in center area Not affected (IR is not light dependent)
Latency resolution ~1 s (subject to image processing delay) 0.1 s (sensor polling every 100 ms)

.. . . ~2.5 cm (based on unfiltered
Average position error ~1.2 cm (with post-processing) raw sensor output)

L High (frequent misidentification Low (accurate presence detection
False detection risk due to droppings or shadows) via direct IR beam interruption)
Computation demand High (regulres GPU accel.eratlon Low (fglly executable

and image preprocessing) on a microcontroller)

High (requires uniform

Lighting condition dependence and stable illumination)

None (operates reliably in total darkness)

performance under all lighting conditions, and reduced false detection risk—particularly by
eliminating the overexposure and misidentification issues common to camera-based systems.
One acknowledged that the limitation of the system is its lower spatial resolution owing to the
divergent nature of the IR beam, which precludes the precise localization of the subject within
the arm. However, high spatial resolution is not a critical requirement in this context. Unlike
applications aimed at analyzing detailed food-searching trajectories, the present study focuses
on latency and memory-related metrics, which are independent of fine-grained spatial data. As
such, the trade-off in spatial resolution does not compromise the validity or reliability of the
cognitive performance assessments provided by the system.

A food-searching task was conducted using the unmanned maze system, while an
experimenter simultaneously observed the same trial for validation purposes. The automated
tracking results closely matched the direct human observations, demonstrating the accuracy of
the system. On rare occasions, the emitted IR beam failed to detect the subject when the rat
stood upright and remained motionless, resulting in a temporary absence of signal input. In such
cases, the microcontroller interpreted the no-signal condition as the rat pausing on an arm,
which accurately corresponded to the animal’s actual behavior. This intrinsic alignment between
system interpretation and observed behavior further supports the reliability and validity of the
proposed tracking method.

A notable feature of the proposed system is its rat-tracking mechanism, which employs eight
IR distance sensors, one mounted at the end of each maze arm. While each sensor provides a
maximum detection range of 80 cm, field testing revealed signal interference from opposing
sensors owing to overlapping detection zones. To address this issue, the sensors were vertically
offset—one at 2 cm and the opposing sensor at 3 cm above the maze base—substantially
reducing interference. Residual noise was further attenuated by digital signal filtering.

Although this combination of vertical misalignment and digital filtering effectively
minimizes signal coupling, it remains a partial solution. To further improve system reliability,
future versions will incorporate a sequential time-multiplexed activation strategy, in which only
one IR sensor is active at a time within a controlled polling cycle. Such a design eliminates
simultaneous IR emissions, thereby preventing cross-talk. The activation sequence will be
managed by a timer-interrupt routine on the microcontroller, ensuring the temporal isolation of
sensor readings. This enhancement is expected to fully resolve interference issues without
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compromising detection speed or spatial resolution, ultimately improving system robustness and
scalability for broader behavioral research applications.

As noted in previous research,®V rats instinctively prefer dark, enclosed spaces over brightly
lit, open areas. Building on this behavioral principle, we introduce an automated radial arm
maze equipped with IR distance-measuring sensors, enabling the reliable cognitive assessment
of AD model rats under both dark and illuminated conditions. This feature supports future
comparative investigations on how lighting environments affect spatial memory performance.
Furthermore, unlike commercial camera-based tracking systems—which are prone to
misidentification caused by the presence of shadows or droppings—the proposed IR-sensor-
based system avoids such errors entirely, thereby ensuring more consistent and accurate
behavioral data.

5. Conclusions

We presented an automated, microcontroller-based radial arm maze designed to assess spatial
memory performance in AD rat models. The system employs eight IR distance sensors, one
mounted at the end of each arm, to detect subject location. Using position-versus-time data
acquired via the microcontroller, latency, and short- and long-term memory errors were
quantitatively measured. Experimental results revealed statistically significant differences in all
three metrics between the sham and AD groups beginning 21 days after AP injection, thereby
validating the effectiveness of the proposed system. In addition to its analytical capabilities, the
system was developed as a fully unmanned solution to eliminate human observation errors and
address the common misidentification issues arising in camera-based tracking systems, such as
false detections of shadows or droppings. In conclusion, the proposed maze offers a 100%
reliable platform for evaluating spatial memory performance in behavioral experiments, with
consistent functionality under all lighting conditions owing to its use of IR-sensor-based
tracking.
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