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Fig. 1: (a) lustration of the ARMADA design. (b) ARMADA’s lightweight 6-DoFF bimanual arms enable dynamic manipulations
such as object snatching and hammering. (¢) The platform supports sim-to-real transfer of dynamic motions using reinforcement
learning policies. (d) ARMADA also demonstrates the ability to shadow dynamic human movements.

Abstract—Dynamic and contact-rich object manipulation, such
as striking, snatching, or hammering, remains challenging for
robotic systems due to hardware limitations. Most existing
robots are constrained by high-inertia design, limited compliance,
and reliance on expensive torque sensors. To address this, we
introduce ARMADA (Affordable Robot for Manipulation and
Dynamic Actions), a 6 degrees-of-freedom bimanual robot de-
signed for dynamic manipulation research. ARMADA combines
low-inertia, back-drivable actuators with a lightweight design,
using readily available components and 3D-printed links for
ease of assembly in research labs. The entire system, including
both arms, is built for just $6,100. Each arm achieves speeds
up to 6.16m/s, almost twice that of most collaborative robots,
with a comparable payload of 2.5kg. We demonstrate ARMADA
can perform dynamic manipulation like snatching, hammering,
and bimanual throwing in real-world environments. We also
showcase its effectiveness in reinforcement learning (RL) by
training a non-prehensile manipulation policy in simulation
and transferring it zero-shot to the real world, as well as
human motion shadowing for dynamic bimanual object throwing.
ARMADA is fully open-sourced with detailed assembly instruc-
tions, CAD models, URDFs, simulation, and learning codes at
https://sites.google.com/view/im2- humanoid-arm.

I. INTRODUCTION

Humans use a rich set of action repertoire to manipulate
objects: we not only pick-and-place objects but also toss
laundry, slide a box, snatch a pen, hammer a nail, otherwise
leverage momentum and forces to manipulate diverse objects
efficiently and effectively. In contrast, most manipulators today
are limited to picking, where a robot simply grasps an object
to resist the frictional force. While kinematic pick-and-place
is sufficient for static, controlled tasks, dynamic manipulation
is necessary for building an effective general-purpose robot.

One critical reason for the lack of dynamic manipulation
capability is hardware. Traditional industrial robots are strong,
precise, and consistent, but their heavy and high inertia
structures make them unsuitable for dynamic manipulation in
human environments. Modern collaborative robots, such as the
Franka Panda [19], are designed to work alongside humans by
using a lighter and smaller design. However, they still have
high inertia and are constrained by velocity and torque limits to
ensure safety, rendering them inadequate for dynamic manipu-



lation that requires high speed and acceleration. Furthermore,
they use high gear ratio actuators which effectively “lock”
joints, making them difficult to absorb high impact forces at
contacts. Such actuators also require expensive torque sensors,
as current-to-torque relationship is difficult to model due to the
backlash and friction caused by multi-stage gears.

Our objective is to build and open-source a 6 degrees-of-
freedom (DoF) bimanual robot that can be easily and cheaply
assembled at a lab to democratize dynamic manipulation
research, such as examples shown in Figure 1. To achieve
this, our design must meet the following criteria:

« Dynamic: the robot should be able to move at high speed

with acceleration to perform dynamic manipulation.

« Low-cost: the design should use inexpensive materials,
sensors, and actuators while having high payload, preci-
sion, and torque necessary for versatile manipulation.

« Safe: the robot should have a low inertia to ensure safety
even at the maximum speed.

« Ease of assembly: the robot should be built with off-the-
shelf materials.

One potential way to achieve these is through tendon drive
systems [51, 43, 18]. These systems transmit torques to joints
located far from motors, allowing actuators to be placed at
the arm’s base. This design significantly reduces inertia and
enhances the robot’s agility. Furthermore, tendons are highly
back-drivable, making them well-suited for rapid and dynamic
movements.

However, tendon-driven robots have several problems. First,
they are difficult to assemble and maintain at a research lab.
Assembling a tendon-wiring mechanism involves integrating
multiple pulleys connecting tendons to rotors while avoid-
ing interference with electronic connections, an intricate and
complex task. Achieving the desired levels of stiffness and
friction adds another layer of complexity, as it requires precise
adjustment of tendon tension through a tensioner. Moreover,
tendon-driven systems are susceptible to wear and tear, par-
ticularly during high-impact tasks such as hammering. In
such scenarios, tendons may loosen upon impact, necessitating
frequent adjustments and repairs to maintain performance.

We instead take inspiration from the recent success
of quadrupeds in designing our bimanual robot. Recent
quadrupeds demonstrate dynamic and explosive movements,
such as jumping and parkour [25, 11], while reliably with-
standing high-impact, high-frequency contact forces. What
enables this is the use of quasi-direct drive (QDD) actuators,
which have significantly lower gear ratios compared to those
typically used in collaborative robots (eg., 1:10 vs. 1:100).
These low-gear ratio actuators make the system highly back-
drivable, allowing joints to absorb impact forces through
natural compliance. Additionally, the reduced backlash and
friction in these actuators simplify modeling the current-to-
torque relationship, eliminating the need for expensive torque
sensors.

To minimize inertia, we would ideally move all the actu-
ators to the body, as done in quadrupeds. However, the key
difference between a quadruped leg and a bimanual arm is

the number of joints. While a quadruped leg typically has 3
DoF, with only the knee joint located away from the body,
a robot arm requires at least 6 Dol to achieve full spatial
manipulation. To address this, we mount heavier and stronger
actuators on the main body to control the shoulder joints, and
use smaller, lighter actuators for the elbow and wrist joints.
This design results in a lighter moving mass, albeit at the cost
of reduced strength in the elbow and wrist.

Figure la top showcases our robot, ARMADA (Affordable
Robot for Manipulation and Dynamic Actions), built with
these design principles. Each arm weighs 1.09 kg (excluding
body-mounted parts and gripper) and is constructed using off-
the-shelf motors and 3D-printed links. The entire system costs
$6,100 to build. To eliminate the need for a torque sensor at
each joint, we manually measured and calibrated the current-
to-torque relationship'. To improve impact resistance and ease
of assembly, we use a linkage-based transmission mechanism
that does not require tensioners. The robot’s links are 3D-
printed using polylactic acid (PLA), except for the elbow joint,
which is made from aluminum to reduce deformation under
high loads.

We also develop a simple, compact jaw gripper compatible
with the arm shown in Figure la bottom. By using the ther-
moplastic polyurethane (TPU) based finger without linkage
structure, this design simplifies construction and maintenance
while providing sufficient robustness for dynamic tasks. The
gripper design, like the rest of ARMADA, is fully open-
sourced.

In our experiments, we show ARMADA could perform
several dynamic motions, such as object snatching and ham-
mering. We also demonstrate we can train a contact-rich non-
prehensile manipulation policy entirely in simulation using
reinforcement learning (RL), and zero-shot transfer to the real
world. Lastly, we show ARMADA can be used for human
motion retargeting on the dynamic bimanual object throwing
task. Examples from these tasks are highlighted in Figure 1.
We completely open-source our code and design.

II. RELATED WORK

A. Existing manipulators in the context of dynamic manipu-
lation

Collaborative robots (cobots), such as the Franka
Emika [19] and KUKA LBR series [23, 24, 3], are
designed to operate in humans environments. One significant
limitation of cobots is their reliance on high-gear-ratio
actuators, which introduce uncertainties in joint dynamics
due to gearbox backlash and friction. Because of this, to
achieve precise torque control, cobots often incorporate torque
sensors; however, these sensors are susceptible to damage
from impacts, and are expensive [59]. Furthermore, while
cobots are smaller in size, they still have the same design
structure as industrial robots, with heavy actuators (around 2
kg) placed at each joint, which results in a high-inertia arm.
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TABLE I: Comparison of manipulators

|| ARMADA (Ours) | Franka Panda [19] | KUKA iiwa 7 R800 | Quigley et al. [43] | LIMS [34] | Nishii et al. [41] | PAMY2 [18] | BLUE [16]
7 7 7

DoF (one arm) 6 7 7 6 4
Inertia (kg-m?) 0.234 large large 0.083 0.599 ? ? 0.75
Moving mass!(kg) 1.09 18 223 2 2.24 0.176 1.3 8.7
End-effector speed (m/s) 6.16 1.7 3.2 1.5 5.35 ? 12 2.1
Total cost ($, one arm) 3,040 expensive expensive 4,135 ? ? 14,540 <5,000
Open-source (6] X X (6] X X (6] (6]
Payload (kg) 2.5 3 7 2 3 3 ? 2

“?” denotes information not provided in the paper.
! moving mass is defined as the arm’s mass, excluding body-mounted components and the gripper.
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inertia and absorb impact forces. Barrett WAM [45] uses a
cable-and-cylinder drive system to mount four motors for the
shoulder and elbow joints on the robot’s body, resulting in
a low-inertia 4 DoF arm capable of tasks such as batting
and throwing. Similarly, Quigley et al. [43] incorporate series-
elastic actuators at the shoulder and elbow joints with tendon-
based transmission to achieve low inertia. LIMS [33, 51] attach
all seven actuators to the main body and control joints via
tendons. Coupled with lightweight link designs, it can perform
dynamic tasks such as swinging folding fans. PAMY?2 [18]
combines tendon-driven transmissions with pneumatic artifi-
cial muscles for passive compliance in a 4 DoF arm, demon-
strating dynamic capabilities such as table tennis smashing.
Nishii et al. [41] uses a combination of timing belts and
tendons. It uses a timing belt to attach four motors near the
body, and a tendon-based quaternion joint mechanism for the
2 DoF wrist, achieving 6 DoIF maneuverability with reduced
moving mass.

Tendon-based systems generally achieve low inertia and
gear ratio, and enable quick, explosive, and dynamic move-
ments. However, maintaining tendons requires precise tension-
ing to achieve proper stiffness and friction, and it is very
difficult to assemble them. These systems also face wear and
tear during high-impact tasks, requiring frequent repairs. We
summarize the comparison among ARMADA and existing
manipulators in Table 1.

B. Dynamic movements in quadrupeds

The state-of-the-art quadruped hardware, combined rein-
forcement learning, has shown impressive dynamic motions
such as jumping and parkour recently [60, 11, 13]. Representa-
tive quadruped hardware includes, but is not limited to, Unitree
Gol, MIT Cheetah [7], KAIST Hound [50], and Raibo [13].
One common factor in all these hardware platforms is the use
of quasi-direct-drive (QDD) actuators [53]. Since QDD actua-
tors have fewer gear stages, they have much less backlash and
friction compared to high-gear ratio actuators (See Figure 2).
Further, their back-drivability makes them naturally compliant,
enabling them to absorb high-impact forces, and allows us to
model the current-to-torque relationship much easier. We take
inspiration from these successes, and adopt QDD in our arms.

Another essential design principle in recent quadrupeds is
the use of low-inertia legs, typically achieved by mounting
actuators on the body and connecting them to the legs via
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Fig. 2: Comparison of gearboxes in low-gear ratio actuators
(b) vs. high-gear ratio actuators (c). All gear mechanisms
introduce backlash and friction (a) which are difficult to model.
Because low gear ratios use fewer gears, it is easier to model.

transmission systems such as timing belts or linkages. This
approach minimizes the moving mass, enabling the legs to
move rapidly while using less torque. In our arm, we also
employ linkages as our transmission system to control the
elbow joint since it is easier to assemble, and locate as
many actuators as possible to the robot’s body. However,
unlike quadrupeds, our arm features six degrees of freedom
(6 Do) and requires additional degrees of freedom at the
wrist. To address this and maintain low inertia, we use lighter,
weaker actuators at the wrist since high torque is generally
not required in the regions of these parts.

C. Hardware solutions for high-impact manipulation

For dynamic and contact-rich tasks, robustness against im-
pact forces is essential. Several works have proposed hardware
solutions to address this in high-impact scenarios such as
hammering. Izumi et al. [28] utilize a flexible link to minimize
impulsive forces, and Garabini et al. [15] use actuators with
torsional elastic springs to absorb impact while achieving
high speeds. Both approaches model the system to control
and demonstrate the hammering task but require accounting
for damping forces and vibrations from elastic components,
making them difficult to simulate. Instead of mitigating impact
forces with elastic materials, ARMADA adopts QDD actuators
to make the system inherently compliant which simplifies
modeling and simulation.

Other designs [27, 44] focus on adding links or control
modes to manage impact forces for hammering. Imran et
al. [27] introduce serial linkage chains around the robot links
to distribute impact forces, while Romanyuk et al. [44] employ



MRR actuators [38] with multiple working modes. By switch-
ing to a passive mode during impacts, these actuators allow
free rotation to absorb impulsive forces. Although these design
choices effectively absorb impacts, additional links or control
modes complicate the robot’s design, making them harder
to assemble and control. Instead of increasing complexity,
ARMADA uses a simpler design with just a four-bar linkage
and QDD actuators, ensuring ease of assembly and control
while maintaining robustness to impacts.

D. Dynamic manipulation with existing manipulators

There have been several attempts to generate dynamic
manipulation motions using existing arms, although they have
been limited to one specific category of motion such as
throwing, catching, or batting. For throwing, Senoo et al. [48]
models contact at the robot fingertip to throw with the WAM
robot (4 DoF). Bombile and Billard [8] formulate modulated
dynamical systems of a pair of KUKA LBR to toss a box with
dual manipulators. Recently, some works using learning to
account for the physical properties not explicitly considered in
the projectile mechanics from perceptual input, using a Tx60
(7 DoF) [26], a single PR2 arm (7 DoF) [17], and URS (6
DoF) [56].

For catching, Lampariello et al. [35] model the motion of
7 DoF manipulator (KUKA LBR) as a dynamical system and
propose real-time online optimization algorithms to catch an
object tracked with a vision-based motion capture system. Kim
et al. [32] leverage expert demonstration to guide the same
7 DoF manipulator to catch more diverse objects. Bitz et
al. [6] predicts the trajectory of a flying ball and plausible
interception points computed offline to catch the ball with
Staubli RX90B (6 DoF). These works focus on the light object
which induces negligible impulse since the aforementioned
manipulators lack compliance to cope with the large impact
generated during the catching of heavier objects. Salehian et
al. [46] and Yan et al. [54] attempt to mitigate the impact in
the non-compliant manipulator (KUKA LBR) by separately
planning a decelerating motion after the intercept of the object.
However, additional computation is required for such motion,
which often results in failing to plan the motion before the
object falls. Unlike these robots, ARMADA is naturally com-
pliant and can avoid such additional computation. Similarly,
Kim et al. [31] enables fast catching with a compliant Barret
WAM (7 DoF), yet maintenance of the robot is difficult due
to its tendon-based mechanism.

For batting, Senoo et al. [47] develop a high-frequency
vision system to track a ball and bat it with a Barrett WAM
(4 DoF) using handcrafted batting dynamics. Similarly, Jia et
al. [29] model 2D impact dynamics with Coloumb friction and
energy-based restitution to bat an object to a desired position
with the same 4 DoF manipulator. Although these methods
enable dynamic batting with light objects like styrofoam or
ping pong balls, it is difficult to use them with heavier objects
with existing arms, as hitting heavy objects might damage
the manipulator. In contrast, ARMADA is naturally compliant,
and is easy to maintain.

E. RL-based Manipulation

Recently, reinforcement learning (RL) has been successfully
applied to contact-rich manipulation tasks, including in-hand
manipulation [10, 5, 4, 20] and non-prehensile manipula-
tion [58, 57, 12, 30], addressing challenges that traditional
planning techniques have struggled to solve. These advance-
ments have been made possible through the combination of
large-scale simulation and simulation-to-reality transfer tech-
niques, such as domain randomization. However, most of these
works rely on cobots, which are less suitable for quick and
dynamic motions involving frequent impacts limiting them to
slow movements. In contrast, we demonstrate that our robot
can achieve similar non-prehensile manipulation tasks using
RL while exhibiting much more agile and dynamic motions.

F. Human motion shadowing

Thanks to the recent development of computer vision al-
gorithms, several works show that we can collect human
demonstrations simply by watching them. H20 [22] and
OmniH20 [21] adopts HybrIK [36] as body pose predictors
to achieve real-time humanoid teleoperation using a RGB
camera. HumanPlus [14] leverages human body [49] and
hand [42] pose predictors to extract human joint angles in real
time and project them on the humanoid actuators. Similarly,
OKAMI [37] adopts body [55] and hand [42] pose predictors
to extract human body keypoints and solve differential inverse
kinematics [9] to imitate human motion that keeps the relative
positions between the hands similar to that of human. Lever-
aging a single RGB camera with body pose predictor [49]
we showcase that our hardware, ARMADA, also is capable
of shadowing human demonstrations in dynamic bimanual
throwing.

II1. DESIGN OF ARMADA

This section describes our hardware design and implemen-
tation details. Our primary goal is to achieve high-speed ma-
nipulation with low gear-ratio proprioceptive actuators while
maintaining sufficient durability and ease of maintenance.

A. Proprioceptive actuators

1) Choice of actuators: We choose two types of off-the-
shelf proprioceptive actuators: T-motor AK70-10 for shoulder
and elbow and Cubemars RMD X4 V2 for wrist and forearm.
Both types have 1:10 gear ratio with integrated drivers. Each
arm is powered by two 24V Mean Well LRS-600-24 switch
mode power supplies (SMPS). To protect the power supply
from the back electromotive force generated by the actuators,
SEMI-REX MD110-16 diodes are installed between the power
supply and the actuators.

2) Sensor-free torque estimation for control: Instead of
using expensive torque sensors, we estimate the torque output
from the actuators by building a custom current-to-torque
function using our custom calibration process. To do this, we
fix an actuator to a 3D-printed fixture connected to a standard
electronic scale, measure the torques by giving a wide range
of current values, and create a linear interpolation mapping



between current and torque values. We extrapolate to estimate
values beyond the available data range to compute the torque.

B. Actuator placement and transmission

P ?

Fig. 3: Positions of the six actuators. Four heavy and strong
actuators are attached to the base. Two small actuators to rotate
the wrist is attached to the elbow and wrist.
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1) Low inertia actuator placement: ARMADA arm fea-
tures 6 DoF: three on the shoulder, one on the elbow, and
two on the wrist. We place the shoulder and elbow actuators
near the base as illustrated in Figure 3. By positioning the
heavy actuators near the shoulder and transmitting the motion
via the linkage system, we can effectively reduce the moment
of inertia of the arm, achieving faster motion with the same
amount of power from the actuators. We attach the two weaker
but lightweight actuators directly on the elbow and wrist to
keep the design simple.

2) Parallelogram linkage for one-to-one torque transfer:
One of the body-mounted actuators drives the elbow joints
through a four-bar parallelogram linkage, as illustrated in
Figure Sa. This linkage transfers torque in 1:1 ratio, preserving
the low gear ratio of the actuator and simplifying the model
used in simulation and control.

C. Material selection

We primarily build the arm using 3D printing with PLA.
This choice of material provides several advantages. First,
compared to metals, which are the common choice for ex-
isting robot arms, PLA greatly reduces the total mass of
the arm. Second, 3D printing is cost-effective and enables
rapid part replacement for design iteration and maintenance.
One disadvantage of PLA is that it is non-rigid compared
to metals. This may harm the durability of the hardware
and reduce control accuracy when exposed to high loads.
Therefore, for the linkage for the elbow, where high loads are
applied, we use aluminum, as shown in Figure 5a. This way,
we minimize the complicated and costly machining process
while maintaining the rigidity sufficient for manipulation. To
validate that our robot attains enough rigidity, we perform
finite element method (FEM) analysis. Specifically, we assess
the arm’s deformation under a 10 N load applied along the
x-axis (leftward) and the z-axis (downward).

Figure 4 illustrates the deformation results under z-axis and
x-axis loading, respectively. Although this material change
involves a trade-off with an increase in moving mass from

0.962 kg to 1.09 kg, it reduces deformation under loading
conditions. For z-axis loading, the deformation decreases from
1.69 mm with PLA components to 1.58 mm with the addition
of aluminum. Similarly, for x-axis loading, the deformation is
reduced from 2.85 mm to 2.24 mm.

However, even at low loads, inaccuracies in the four-bar
linkage components, especially in the rotational alignment of
bearings and shafts, can significantly increase the end-effector
position error. While PLA offers lighter weight and easier
replacement, 3D-printed parts lack the dimensional accuracy
needed for consistent performance, compared to CNC ma-
chining. Therefore, despite the challenges posed by aluminum
part replacement, we selectively use them in critical regions
to preserve precision.
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(a) Load applied along z-axis (b) Load applied along x-axis

Fig. 4: FEM analysis of deformation under a 10 N load applied
along the (a) z-axis and (b) x-axis for configurations with
all PLA and partially aluminum components. Deformation
reduces from 1.69 mm to 1.58 mm (z-axis) and 2.85 mm to
2.24 mm (x-axis) with aluminum reinforcement. Deformation
is exaggerated for clarity and visualization.

D. Custom gripper

We also design a compact jaw gripper driven by a Dy-
namixel XM430 motor. The gripper utilizes a simple direct-
drive 1 DoF gear mechanism, enabling jaw manipulation while
maintaining ease of assembly. The gear mechanism is made of
PLA, while the gripper pads are printed from flexible TPU to
accommodate objects of various shapes. The entire assembly
weighs approximately 290 g. Figure 5b illustrates the design
of the gripper.

IV. MECHANICAL ANALYSIS
A. End-effector speed

To test whether ARMADA can perform dynamic manipula-
tion, we measure its end-effector maximum speed. To do this,
we initialize the robot with its right end-effector positioned
at the opposite shoulder with the elbow completely flexed,
and then fully extend the elbow downward, as shown in
Figure 6a. The joint trajectory is generated by interpolating
between the initial and final configurations, and joint position
control is used to follow the trajectory. ARMADA achieves
an average maximum end-effector speed of 6.16 m/s with a
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Fig. 5: (a) Assembly of the upper arm. Black parts are
aluminum-machined, and white parts are 3D printed PLA.
(b) Assembly of the custom-designed gripper. The brown
component is the Dynamixel XM430 motor, the white parts
are PLA parts, and the green parts are flexible TPU fingers.

standard deviation of 0.472 m/s across 40 repetitions, without
any damage to the arm or power supply.

B. Impact force at the maximum velocity

To evaluate the safety of ARMADA, we measure its impact
force near maximum velocity using a push-pull gauge, as
shown in Figure 6¢c. Over eight repetitions, ARMADA records
an average impact force of 50.5 N, with a maximum of 52.2 N
and a standard deviation of 5.55 N. For comparison, a typical
human palm strike at a similar speed generates approximately
575 N of impact force, based on an average effective hand
mass of 1.39 kg [2] and an impact duration of 13 ms [52],
which is nearly 10 times that of ARMADA. While humans
have soft skin and ARMADA does not, this demonstrates
ARMADA can operate safely even at its maximum speed.

C. Payload

We evaluate ARMADA’s payload using dumbbells, as
shown in Figure 6b. The test involves performing bicep curls
with the dumbbell. By gradually increasing the weights, we
find that ARMADA can hold up to 2.5 kg, compared to 3 kg
for existing collaborative robots. The arm and gripper reliably
grasp, lift, hold, and release the weight across ten consecutive
trials without any damage or failure.

We analyze both mechanical stress and current to evalu-
ate the reliability under the maximum payload. To measure
mechanical stress, the robot configuration is set to position
2 in Figure 6b. Each link’s stress limit is determined by its
tensile strength, which is defined as the material’s resistance
to breaking under tension. Using FEM analysis in Ansys,
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Fig. 6: (a) Trajectory of the end-effector speed test. Starting
from the initial joint position, ARMADA accelerates toward
the terminal position. (b) A sequence of a realistic dumbbell
lifting task. The robot grasps, lifts, holds for three seconds,
and places down the dumbbell. (c) We use push-pull gauge
to measure the maximum impact force near the point of
maximum speed.

as shown in Figure 7a, we find that the maximum stress
experienced by the arm while lifting a 2.5 kg payload is 49.8
MPa, which is within the tensile strength of the PLA filament,
61 MPa. This indicates that ARMADA would deform, but
not break and can safely operate under its maximum payload
without significant risk of structural failure.

Each actuator has a nominal current limit, the maximum
current it can handle without overheating. To evaluate whether
the robot operates safely within this limit, we measure the
input current throughout the entire payload test including
lifting, holding, and releasing. Figure 7b shows the current
ratios relative to nominal values for each actuator. We can see
that all currents are under their nominal values.

D. Repeatability

To evaluate ARMADA'’s repeatability, we follow ISO 9283
standard [1] to setup an experiment where the robot has to
follow a designated set of points in a 250mm cube within
ARMADA’s workspace. Figure 8 shows a test plane placed
diagonally within the cube. Five end-effector points P to Py
are marked on the plane, with P; at the center and P», Fs,
P4, and Ps near the corners, each located one-tenth of the
cube’s diagonal length from the center. ARMADA sequentially
moves through these five points and repeats the trajectory
30 times with its end-effector facing forward. We use 12
OptiTrack cameras to monitor it simultaneously to record the
end-effector’s position. For each point, N = 30 is the total
number of measurements, and P, ¢ R i = 1,2,--- N
























