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Abstract

Understanding how nervous systems generate coordinated movement requires precise measurement
of body kinematics during natural behavior. The fruit fly, Drosophila, is a model organism with sophis-
ticated behavior and well-studied neural circuits, but tracking fly movements in 3D remains challenging
because of their teeny bodies, rapid movements, and frequent self-occlusions. Here we present a pipeline
for markerless, full-body 3D pose estimation of fly terrestrial behavior, combining seven synchronized
high-speed cameras to capture whole-body kinematics at 800 frames per second. We trained a hy-
brid 2D/3D deep learning model to track 50 keypoints, then refined them to produce anatomically
feasible kinematic trajectories through a retargeting process that solved an inverse kinematics problem
constrained by a biomechanical body model. Analysis of 3D kinematics revealed that flies perform
grounded running across their full speed range, without transitioning between discrete gaits. Using
multi-animal tracking, we found that courting males coordinate both wings during song and modulate
body pitch to track the female’s vertical position. Our open-source pipeline and 3D kinematic dataset
of fly behavior provide a foundation for neuromechanical modeling and mechanistic studies of motor
control in a genetically tractable model organism.

1 Introduction

Quantitative measurement of body movement is critical for understanding the biological mechanisms of
animal behavior [1]. Recent advances in deep learning have revolutionized markerless pose estimation,
enabling automated tracking of user-defined body parts (i.e., keypoints) across diverse species and behav-
iors. Two leading software toolkits, DeepLabCut [2] and SLEAP [3], use convolutional neural networks
trained on modest numbers of manually annotated frames to achieve human-level accuracy in 2D keypoint
detection. Building on these advances, tools such as Anipose [4] and DANNCE [5] have extended pose
estimation to 3D, either by combining 2D tracking with multi-camera triangulation or by applying geo-
metric deep learning directly in 3D space [6]. Even with these tools, accurate pose estimation requires
high resolution video, and imaging small animals at millimeter scales introduces unique optical challenges.
Resolving fine body features demands high magnification, which in turn severely limits depth of field and
makes it difficult to keep a freely moving animal in focus as it behaves. As a result, accurate 3D full-body
pose estimation in small, fast-moving animals during free behavior has remained out of reach.

The fruit fly, Drosophila melanogaster, exemplifies these challenges: at only 2-3 mm in length, flies
run at speeds up to 40 mm/s with stepping frequencies exceeding 20 Hz [7]. Drosophila has emerged as



42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

a powerful model system for investigating how neural circuits control behavior, due to its compact, fully
mapped nervous system, advanced genetic toolkit, and rich behavioral repertoire. Flies exhibit sophis-
ticated locomotion and social behaviors that involve complex, dynamically changing body configurations
[8, 9, 10]. For instance, during courtship, males perform a probabilistic sequence of motor actions in-
cluding orientation, chasing, singing, and attempted copulation, each requiring coordinated movements
of the legs, wings, head, thorax, and abdomen [11]. Although prior studies have tracked some body
parts [12, 13, 14, 15, 16, 17, 18, 19], such as the leg tips, it has not previously been possible to capture the
3D kinematic complexity of behavior in freely behaving flies. Trading off naturalistic behavior for tracking
precision, high-resolution 3D joint tracking has previously been achieved only in tethered flies [20, 21],
in which the animal’s thorax is fixed while it behaves on an air-suspended spherical treadmill. Tethering
substantially alters both the fly’s behavior [22] and locomotor biomechanics, including restricting vertical
movements of its body and modifying ground reaction forces.

Accurate 3D kinematics are essential for constraining models of how the nervous system and the body
work in closed-loop to generate coordinated movement. Such datasets have been particularly important
in training motor control policies capable of simulating biomechanical animal body models to imitate how
real animals move [23, 24, 25]. Advances in deep reinforcement learning have enabled efficient training
of artificial neural networks to learn such policies [26]. Here again, the fly has been at the forefront of
these advances—there now exist two whole-body biomechanical models of Drosophila constructed in the
open-source MuJoCo physics engine [27, 25]. These models enable researchers to investigate how the
biomechanical properties of the body interact with neural control signals to produce realistic behavior, as
well as infer sensory inputs to the nervous system that cannot be directly measured (e.g., forces produced
by interacting body parts [28] or images of a complex terrain viewed from the retina [27]). The value
of neuromechanical models depends on the availability of high-quality kinematic data for training and
validation. Existing fly body models have been trained using imitation learning on keypoints tracked in
2D or in 3D from tethered flies [27, 25, 29]. As neuromechanical modeling matures toward incorporating
connectome-derived circuit architectures, there is increasing demand for comprehensive, high-fidelity 3D
kinematic datasets from freely moving animals performing a range of natural behaviors.

Here we present a pipeline that combines high-speed cameras with custom lighting and uses fast ac-
quisition and annotation software ([30, 31]) to enable accurate 3D pose estimation of freely behaving flies.
Our approach combines multi-camera high-speed video with optimized calibration procedures and deep
learning-based keypoint detection to track 50 keypoints across the fly body, capable of achieving a mean
tracking error of <25 m. We used these tools to discover how flies vary their 3D joint kinematics across
running speeds and to characterize motor patterns of male courtship behavior at high spatial and temporal
resolution. We also show how this new 3D kinematics dataset can be used to constrain neuromechanical
models of fly behavior. By providing the community with a large, accessible 3D kinematic dataset of di-
verse terrestrial Drosophila behavior, we aim to facilitate mechanistic studies linking neural circuit activity
to the biomechanics of natural behavior.

2 Results

2.1 The rainbow rig tracks whole-body 3D kinematics in freely behaving fruit flies

To measure joint and body kinematics in flies moving freely on the ground, we designed a custom behavioral
chamber (24 5.5 9.5 mm) constructed from a 3D-printed plastic corridor and two coverslips forming
a 30-60-90 triangular prism (Fig. 1a,b). Seven high-speed cameras, each equipped with a telecentric lens,
were mounted in a semi-circle around the chamber, providing multiple overlapping views of the fly with
sufficient depth of field to keep the fly in focus throughout the arena. To capture images at 800 frames per
second without motion blur, we illuminated the arena with custom high-power LEDs (Supplementary
Fig. 1) that strobed synchronously with the camera exposure (50 s). The short LED duty cycle (4%
ON) provided sufficient lighting while limiting hardware heating and perceived brightness. We combined



Figure 1: Overview of the behavioral apparatus and 3D tracking pipeline. a, Schematic of the rainbow rig

for multi-camera high-speed imaging of freely behaving ies. Each high-speed camera is equipped with a telecentric
lens focused on the y chamber. b, The 3D-printed y behavior chamber. The glass walls and oor form a triangular
prism enclosure with angles =60 and =90 , such that the upper seam does not occlude the top-down view. To
simplify calibration, each camera views the y through a single plane of glass. ¢, Example frames across all camera
views, color-coded to match the cameras in a. Multiple views enable precise triangulation of keypoints. d, Work ow
for generating the dataset of joint kinematics from freely behaving ies. Keypoint labeling was performed in red [31],
a GPU-accelerated multi-camera annotation application. To train a JARVIS HybridNet, a hybrid 2D/3D neural
network for pose estimation, we annotated 2;000 frames (50 keypoints/frame; the skeleton model includes all leg
joints except the middle- and hind-leg coxa-thorax joints). Skeleton overlays show predicted poses. The resulting
library of body kinematics was classi ed into de ned behavioral bouts. e, Example trajectory of a leg tip for a
running bout. f, Leg tip trajectory for a single step (red line shown in €). g, Example wing tip trajectory for a
courtship bout. h, Wing tip trajectory of a pulse song during courtship inset (yellow line in g). All scale bars are
0.5 mm. 3
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