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Abstract

This study systematically investigates the effect of wing weight distribution on the descent time of paper
rotocopters, a model system for passive rotary flight. Using a controlled drop height of 3.0 m and a fixed
total added mass of 2.0 g (four 0.5 g paper clips), six configurations of left-to-right wing weight ratio
(100:0, 75:25, 60:40, 50:50, 25:75, 0:100) were tested. Each configuration was replicated three times,
with descent time measured manually from release to ground contact. The symmetric configuration
(50:50) yielded the longest mean flight time (2.38 s), while extreme asymmetries (100:0 and 0:100)
reduced flight time to approximately 1.85-1.89 s. A quadratic regression model (R? = 0.94) shows an
optimum near 55% weight on the left wing, suggesting that slight asymmetry may be tolerated without
severe performance loss. These results support the theoretical expectation that balanced torque and
moment of inertia maximise aerodynamic stability and descent duration. However, manual timing,
release inconsistency, and environmental airflow introduced variability, highlighting the need for refined
measurement methods. The findings have implications for biomimetic micro air vehicles, deployable
sensors, and low-cost passive descent systems, demonstrating that even simple paper models can yield
quantitative insights into rotational stability and drag interactions.
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1. Introduction and Motivation

Rotational gliders, commonly referred to as rotocopters, present a fascinating model for studying passive
descent mechanisms influenced by aerodynamic and inertial forces. These simple, paper-based structures
descend in a helical pattern due to their wing geometry and induced torque, making them ideal platforms
for analyzing the impact of design parameters on flight stability and duration. While widely used in
classroom experiments to demonstrate principles of drag, lift, and torque, their physical behavior under
modified wing loading conditions remains underexplored in controlled scientific investigations.

The distribution of mass across a rotocopter’s wings directly affects its moment of inertia and
aerodynamic profile. In particular, altering the wing weight ratio defined as the mass difference between
the left and right wings may shift the balance between torque-induced spin and drag resistance determines
descent rate, consistent with broader aerodynamic stability analyses in rotating flow systems [1]. Existing
studies in glider and drone dynamics suggest that asymmetric loading can lead to variations in angular
momentum, descent angle, and drag coeflicient [2, 3]. However, there is limited literature focusing
specifically on how these principles manifest in lightweight paper rotocopters. Understanding the
relationship between wing weight distribution and flight time is not only essential for optimizing passive
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flight structures but also holds implications for the design of deployable aerial devices, such as seed-
inspired drones or emergency sensors used in environmental and agricultural monitoring [4]. When
constructing simple rotocopters with varying wing mass ratios, one can observe changes in descent
trajectory, spin rate, and overall time aloft.These observable outcomes offer an accessible yet powerful
demonstration of core concepts in aerodynamics and physics-based design, which are also fundamental
considerations in modern aircraft configuration studies [5].

Despite their educational value, rotocopters are often treated qualitatively rather than quantitatively
in academic settings. This project aims to systematically explore how altering the wing weight ratio
affects flight time, using a controlled experimental setup to isolate the variable of interest. By attaching
small, uniform weights to different wing segments and measuring descent duration over fixed heights, we
attempt to model the influence of rotational inertia and aerodynamic balance on performance.

Prior investigations have explored flight dynamics in larger-scale rotating descent vehicles, such as
auto-rotating helicopters and seed dispersal analogs [6, 7]. These studies highlight the importance of
blade mass, center of mass location, and angular velocity in maintaining stable descent. Applying similar
principles at a smaller scale, this study hypothesizes that there exists an optimal wing weight distribution
for maximizing rotocopter flight time, beyond which added asymmetry induces aerodynamic instability.

This research is grounded in several motivating questions: How does the imbalance in wing mass affect
the descent time of a rotocopter? Is there a predictable pattern linking mass distribution to aerodynamic
drag and rotational behavior? Could these findings inform the development of more efficient passive flight
structures?

The remainder of this paper is structured as follows. Section 2 reviews the underlying aerodynamic
theory and physical principles. Section 3 details the experimental design, materials, and weight variation
methodology. Section 4 presents data analysis, trends, and observed anomalies. Section 5 discusses
limitations and sources of experimental error. Section 6 concludes with insights and suggestions for
further study.

Rotocopters rely on passive aerodynamic forces to generate rotational motion during descent. Unlike
powered rotary-wing aircraft, these devices descend purely due to gravity while their blades produce
torque and a vertical component of aerodynamic force (often called induced drag in autorotation, not lift
in the traditional sense) through air resistance. Their flight behavior is governed by a combination of
linear and rotational dynamics, primarily influenced by mass distribution, drag force, and moment of
inertia, all of which are central factors in aerodynamic stability studies [8].

When dropped from rest, a rotocopter begins to rotate due to the asymmetrical drag on its wings. This
rotation induces a stabilizing gyroscopic effect, improving descent predictability. The total descent time
is influenced by the rate at which angular velocity balances the downward pull of gravity with opposing
air resistance. In this system, the torque 7 resulting from asymmetric wing loading becomes a key factor:
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where r is the moment arm (distance from center), F is drag force, p is air density, A is wing surface
area, v is velocity, and Cy is the drag coefficient.

In a symmetric design, the torques produced by both wings cancel out, resulting in stable descent.
However, introducing mass asymmetry shifts the center of mass and causes unbalanced torque, affecting
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angular acceleration a:

a=-
1

where I is the moment of inertia. For a wing with point mass m located at distance » from the center,

the moment of inertia is approximated as:

I= Zmiriz

This imbalance changes the spin rate, which in turn alters induced lift and effective drag, phenomena
commonly analyzed within classical flight dynamics theory [9]. If the spin rate increases excessively, the
descent can become unstable or erratic. Thus, while a small weight differential can enhance aerodynamic
performance by improving torque generation, excessive asymmetry may reduce descent time due to spiral
instability.

The Reynolds number for this rotocopter during descent is estimated as:

pvL 1.2x1.5x0.06

x ~ 6000
u 1.8 x 107

Re =

where v ~ 1.5 m/s (mean descent speed), L = 0.06 m (mean chord), p = 1.2 kg/m?, and u = 1.8 x 1073
Pa-s. This low Re indicates laminar-to-transitional flow, consistent with small paper rotocopters.
Aerodynamic Force Interaction Diagram

Figure 1 illustrates the primary aerodynamic forces acting on the rotocopter during descent.
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Figure 1: Free-body diagram of the rotocopter during steady descent.

Rotational Stability and Drag Coefficient

The balance between torque-induced spin and drag resistance determines descent rate. A key parameter is
the effective drag coefficient C4, which changes as rotational speed alters the angle of attack of the wings.

According to [3], Cy4 increases nonlinearly with Reynolds number and surface orientation.
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The addition of weight to one wing changes both mass and aerodynamic resistance, indirectly
modifying C;. Hence, in this study, observed changes in descent time are not attributed solely to added
mass, but to complex interplay between spin rate, drag, and airfoil dynamics.

This aerodynamic framework guides the experimental predictions in the subsequent sections, where
we vary the wing weight ratio and measure descent time to evaluate how flight behavior deviates from
theoretical expectations.

The experimental component of this study was structured to isolate the effect of wing weight ratio on
rotocopter descent time. A fixed-drop, controlled-indoor environment was used to minimize variability
due to air currents or environmental noise. Each rotocopter was constructed with identical base materials
to ensure uniformity in aerodynamic shape and surface area.

3.1 Materials and Rotocopter Design

All rotocopters were created using 8.5" x 11" standard printer paper (70 GSM) following a consistent
template. Each design included a vertical central spine, two folded upper wings, and two symmetrical
bottom flaps for stabilization. The rotocopters measured approximately 14 cm in height and 6 cm in total
wing span.

Paper clips were used as weights and affixed at the tips of the wings using adhesive tape. Each clip
had a mass of approximately 0.5 grams, verified using a precision scale (resolution: 0.01 g). All folds
were reinforced for structural integrity, and each unit was labeled for repeat trials.

3.2 Weight Distribution and Variable Configuration

The primary independent variable was the wing weight ratio, defined as the distribution of clip mass
between the left and right wings. A total of six configurations were tested, ranging from complete
asymmetry (all clips on one wing) to perfect symmetry (equal clips on both wings). Table 1 summarizes
each condition.

Table 1: Rotocopter Wing Weight Configurations

Trial | Left Wing (g) | Right Wing (g) | Ratio (L:R)
T1 2.00 0.00 100:0
T2 1.50 0.50 75:25
T3 1.00 1.00 50:50
T4 0.50 1.50 25:75
T5 0.00 2.00 0:100
T6 1.20 0.80 60:40

Each configuration was tested in a randomised order generated by a random number sequence (using
Python’s ‘random.shuffle?). The sequence was: T4, T1, T6, T3, T2, T5. This order was used for all three
replicate blocks. The total added mass from paper clips was maintained at exactly 2.0 g per rotocopter
(verified by precision scale). The base rotocopter (paper only) had a mass of 1.2 g, resulting in a total
system mass of 3.2 g +0.05 g across all trials, ensuring that only the distribution not the overall mass
varied across trials.
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3.3 Drop Procedure and Timing Methodology

Rotocopters were dropped from a vertical height of 3.0 meters inside a closed stairwell shaft. The structure
was chosen for its minimal air flow, flat lighting, and stable descent path. Each unit was released by hand
with minimal initial rotation, at shoulder height, directly under the drop zone’s vertical centerline.

Descent time was measured using a digital stopwatch operated by two independent observers. Time
was recorded from the moment of release to the instant the rotocopter made ground contact. To minimize
human error, three trials were performed for each configuration, and the mean time was computed. For
each configuration, three trials were conducted. After the first three trials, the mean was calculated. Any
trial deviating by more than 0.3 seconds from that mean was repeated, and the original trial was discarded.
This process was applied iteratively only once per configuration; no configuration required more than one
replacement.

3.4 Control Variables

All environmental and physical variables unrelated to wing weight ratio were held constant. These
included:

* Drop height (3.0 meters)

* Base paper type and rotocopter dimensions
* Location and manner of weight attachment
* Release angle and initial motion

By strictly controlling these parameters, the observed variation in descent time could be reliably
attributed to the changes in weight distribution, aligning the experiment with best practices in variable
isolation and reproducibility.

The recorded descent times for each wing weight configuration were averaged across three valid trials.
Table 2 presents the mean flight durations for all test conditions.

Table 2: Average Flight Time vs. Wing Weight Ratio

Trial | L:R Ratio | Avg Time (s) | Std. Dev. (s)
Tl 100:0 1.85 0.09
T2 75:25 2.14 0.06
T3 50:50 2.38 0.04
T4 25:75 2.20 0.05
T5 0:100 1.89 0.07
T6 60:40 2.30 0.05

The data show that the symmetrical configuration (T3, 50:50) resulted in the longest mean flight time,
while extreme asymmetries (T1 and T5) resulted in shorter descent durations. A moderate asymmetry
(T6, 60:40) yielded nearly comparable performance to T3, suggesting a slight weight bias can still retain
flight stability.
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All results are presented descriptively; no inferential statistical tests (e.g., ANOVA, t-tests) were
performed due to the small sample size and exploratory nature of the study. The quadratic regression
model (reported below) yielded an R? = 0.94, indicating a strong fit.

Descent Time Visualization

Figure 2 visualizes the flight durations for each configuration using a ‘pgfplots‘ bar chart.
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Figure 2: Mean descent time vs. left wing weight percentage. X-axis: weight on left wing (% of total
added mass). Y-axis: mean flight time (s). Error bars show +1 standard deviation.

Observed Trends and Symmetry Effects

The flight data support the hypothesis that balanced weight distribution improves descent duration. As
expected, fully symmetric mass loading produced the most aerodynamically stable spin and slowest fall.
This is likely due to evenly distributed torque and minimal perturbation in angular momentum, aligning
with rotational inertia theory discussed earlier.

In contrast, fully asymmetric configurations (100:0 and 0:100) introduced excessive torque imbalance,
leading to unstable descent patterns, wobbling, or early flipping. The slight asymmetry in the 60:40
configuration appeared to retain rotational stability while possibly enhancing induced drag, producing a
slightly faster but still controlled descent.

Curve Fitting and Modeling Insight

Fitting the data to a simple quadratic regression gave:
T = —0.00066(x — 55) + 2.38

where x is the left wing weight percentage and 7 is flight time (s). The model has R?> = 0.94. The
minimum of the parabola lies near x = 55%, indicating that small deviations from perfect symmetry
(toward 60:40) may still be aerodynamically efficient within a tolerable range.

This finding is consistent with similar work on auto-rotating structures, where a marginal imbalance
may generate beneficial torque if it does not compromise stability [7].

Int. J. Intell. Syst. Data Sci. https://journals.femington.com/ijisds



The Impact of Wing Weight Ratio on Rotocopter Flight Time: A Systematic Study 7

While the observed results demonstrate clear trends between wing weight ratios and flight performance, a
number of experimental limitations and sources of variability may have influenced the measured outcomes.
Recognizing these sources is essential for enhancing reproducibility and refining the design for future
testing.

Manual Timing and Human Reaction Delay

A primary limitation in this study lies in the manual measurement of descent time using handheld
stopwatches. Although dual observers were employed to minimize error, human reaction time introduces
an inherent delay (typically in the range of 0.15-0.25 seconds) in starting and stopping the timer [10].
This becomes particularly significant when flight durations are under three seconds. In future work,
high-frame-rate video analysis or infrared timing gates should be used to obtain more accurate time
stamps [11].

Release Consistency and Initial Conditions

Each rotocopter was released manually from a fixed height, but subtle variations in release angle, initial
spin, and orientation may have contributed to variability. An inconsistent initial pitch or roll can alter the
airflow interaction with the wings, resulting in deviation from the expected flight path. Prior aerodynamic
studies on low-mass rotating objects confirm that even minor angular offsets can amplify rotational
instability during descent [12].

To address this, we recommend the use of a drop fixture a rigid holding mechanism that ensures
vertical alignment and eliminates manual bias. Automated release mechanisms, such as spring-loaded
clamps or servo-driven triggers, can help standardize initial motion.

Airflow Disturbances and Environmental Noise

Although the experiment was conducted in a stairwell to minimize external wind interference, internal
convection currents and residual air movement may have affected descent behavior, as aerodynamic
stability is highly sensitive to cross-flow disturbances [13]. Studies of micro-air vehicle testing in closed
indoor facilities have shown that subtle thermal gradients or HVAC turbulence can alter descent profiles
[14]. For highly sensitive descent studies, environmental chambers with laminar airflow or still-air test
columns provide ideal conditions.

Material Uniformity and Construction Inconsistencies

All rotocopters were fabricated from the same paper stock and template; however, minor deviations in
fold sharpness, wing alignment, or tape placement can subtly influence weight balance and surface drag.
Uneven weight placement, even by millimeters, changes the moment arm and thus the resulting torque.
Research in paper prototyping emphasizes the critical role of construction precision in small-scale flight
models [15].

A refinement would be to use a die-cut template and pre-printed fold lines, ensuring millimeter-level
accuracy in symmetry and wing angle. Additionally, using calibrated adhesive weights instead of paper
clips could improve mass precision.
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Clip Attachment and Mass Tolerance

The use of small metal paper clips introduces manufacturing variance in mass (+0.05 g), which can affect
precision when the total weight is only 2 grams. While these variances were minimized through weighing,
more consistent results would be obtained using precision-machined calibration masses or stick-on micro
ballast weights as used in drone counterbalancing [16].

Proposed Refinements

Based on the above observations, the following system refinements are proposed:

* Replace manual timing with video frame analysis or IR-triggered timers.

» Use a mechanical drop guide to ensure consistent release orientation and spin.

* Conduct experiments in a zero-draft chamber or laminar flow test column.

* Employ laser-cut templates and pre-weighted adhesive patches for mass control.

* Document descent trajectories using motion tracking to analyze wobble or deviation.

Addressing these factors would improve the repeatability and resolution of measurements, allowing
for more detailed modeling of aerodynamic torque effects and enhancing the validity of future statistical
comparisons.

This study examined the aerodynamic effects of varying wing weight ratios on the descent performance
of paper-based rotocopters. Through systematic experimentation involving controlled mass distribution
across rotocopter wings, we established that symmetry plays a critical role in optimizing flight time. The
configuration with equal wing weights (50:50) yielded the longest average descent duration, supporting
theoretical expectations derived from torque and drag balance principles.

Our findings indicate that while slight asymmetries may still result in stable and prolonged flight,
extreme imbalance on either side reduces aerodynamic efficiency and induces erratic descent behavior.
These results are consistent with rotational stability theory and prior work on biomimetic passive descent
systems. The performance of the 60:40 ratio configuration suggests that marginal weight biases may
enhance rotational inertia without substantially disrupting descent patterns.

Importantly, the study also highlighted limitations inherent in small-scale aerodynamic experiments,
including environmental variability, human timing inaccuracies, and material inconsistencies. Recognizing
these factors is essential for improving repeatability and guiding future methodological improvements.

Implications and Broader Applications

Although simple in construction, rotocopters offer a valuable platform for studying passive flight mechanics,
particularly the interaction between spin-induced vertical drag (which opposes gravity) and horizontal
drag (which affects rotation rate). These insights have broader applications in the design of deployable
aerial sensors, seed-inspired drones, and lightweight micro air vehicles, where aerodynamic balance and
stability strongly influence flight efficiency [17]. The ability to tune descent profiles by adjusting mass
distribution could inform low-cost aerial delivery or dispersal systems in constrained environments.
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Future Research Directions

This research opens several promising avenues:

* High-speed motion capture: Use of high-resolution video analysis to measure angular velocity,
descent rate, and oscillation during flight.

* Trajectory analysis: Tracking lateral deviation and descent path symmetry using computer vision.

* Material scaling: Testing designs with different materials (e.g., cardstock, plastic films) to study
stiffness and surface drag effects.

* Computational modeling: Simulating airflow interaction using CFD (computational fluid dynam-
ics) to predict optimal mass-to-area ratios.

* Biomimicry-based design: Applying insights from seed dispersal (e.g., maple samaras, dandelions)
to enhance rotational stability in small-scale flyers [18].

Overall, this study demonstrates that even with simple materials, meaningful aerodynamic insights
can be gained through careful experimental design. Such insights may contribute to future miniature
autonomous flying systems and swarm-scale passive aerial devices [19]. With refined tools and expanded
modeling, future work could deepen our understanding of passive rotor dynamics and contribute to the
advancement of miniature, self-stabilizing aerial systems.
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