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Dexterity and strength are essential for performing a vari-
ety of tasks in the unstructured environments of house-
hold services and craftsmanship. For these tasks, we 
have developed neoDavid, a robust humanoid robot 
with dexterous manipulation skills. neoDavid has 
joints with variable stiffness actuators (VSAs), which 
have mechanically adjustable elasticity in the drive 
train, a continuum elastic neck, and a gravitation-
ally compensated torso with overload couplings. 
We present our modular approach in the devel-
opment, starting from system architecture over 
mechatronic components, communication, and 
control to higher-level software. We demon-
strate how this modularity enables scalable 
enhancements, allowing us to evolve the 
system from a single arm and hand into a 
complete humanoid robot. Additionally, we 
highlight advancements in perception, 
manipulation, and motion planning, along 
with the implementation of offline task 
planning utilizing capability maps. The versa-
tile character in terms of dexterity and robust-
ness is demonstrated in challenging applications, 
e.g., handling a drill hammer, fine manipulation of a 
pipette, and emptying a dishwasher.
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INTRODUCTION

MOTIVATION
The underlying idea of the neoDavid (Figure 1) development, 
initially called the DLR Hand Arm System [1], is based on the 
fundamental observation that collisions with the environ-
ment, whether intentional or unintentional, are essential 
aspects in application scenarios where humans and robots 
share the same physical space. Unintentional contacts may 
arise from errors in task execution, inaccuracies in environ-
mental models, or during learning-from-failure processes 
where collisions are an inherent aspect of the process. Con-
versely, a wide variety of tasks deliberately involve physical 
interactions and collisions, such as those found in service 
robotics, craftsmanship, or manufacturing settings. In these 
contexts, the robotic hand is of great importance. It is often 
the most vulnerable and exposed component, yet it also has 
to withstand the full load of dynamic movements and colli-
sions [2]. As a result, one of the main driving factors in the 
design of neoDavid is robustness against collisions. More-
over, since the environment in which humanoid robots will 
operate in the future has been originally designed for 
humans, it is naturally advantageous to design such systems 
with human-like size, performance, and kinematics.

STATE OF THE ART
The landscape of compliant humanoid robots encompasses a 
diverse range of systems, featuring various forms of compli-
ance. Table 1 gives an exemplary overview of those systems, 
which are, in our opinion, particularly commendable for their 
contributions to the advancement of compliant humanoids. 
COMAN [4], [5], evolved from iCub and cCub, integrates 
torque sensors and elastic actuators for safe interactions with 
people and objects, even during collisions, aiming for 
advanced manipulation and locomotion. WALK-MAN [6], 
[7], tailored for disaster recovery, excels in heavy lifting and 
navigating debris, equipped for dexterous tasks and durable 
movement. Both employ serial elastic actuators (SEAs) for 
smooth motions, with COMAN focusing on safe close inter-
actions, and WALK-MAN addressing emergency scenarios’ 
demands. The fascinating mechanical design of LIMS2-
AMBIDEX [10] emphasizes a lightweight structure with 
minimal moving mass, leveraging cable-driven actuators for 
precise and high-speed manipulations. Among these innova-
tive designs, ALTER-EGO [9] uniquely employs VSA [12] 
technology to intrinsically vary stiffness, offering enhanced 
interaction safety and adaptability. Musashi [11] features 
highly integrated SEA modules connected to a skeletal struc-
ture by tendons. Motion is primarily generated by learning 
control systems. It has underactuated 30-degree-of-freedom 
(DoF) hands with eight motors each. Several articulated ten-
don-driven elastic robotic hands have been designed in an 
effort to mimic how humans adjust hand compliance through 
tendon control. Notable examples include Shadow hand [13], 
UB Hand III [14], the three-fingered hand by Ozawa et al. 
[15], and Pisa/IIT SoftHand [8].

Robots and robotic hands mentioned earlier have been 
designed with compliance, but they have not yet been combined 
into a single humanoid robot capable of providing both mechani-
cal robustness and dexterous manipulation in a human-sized form. 
The humanoid system neoDavid, equipped with an upper body 
with a similar number of DoF as humans, pushes the functional 
boundaries further by allowing stiffness adjustments for each of 
the joints of its upper extremities, suggesting a new horizon in 
functional versatility and managing complexity of humanoids.

OBJECTIVES
To develop a humanoid that operates dexterously and robustly 
in service tasks and craftsmanship, the following require-
ments must be met:

	■ Human appearance: In terms of accessibility of human 
and domestic surroundings, all mechatronic components, 
including mechanics, actuators, sensors, power, and com-
munication electronics, have to be integrated in an anthro-
pomorphic human-like appearance.

	■ Modularity in the system architecture: All components 
integrated in neoDavid shall be as modular as possible, 
such that gradual extensions and modifications are imple-
mentable and the high overall level of system complexity 
is manageable in a structured way.

	■ Robustness against impacts: To withstand even severe 
impacts, the mechanics have to be designed according-
ly, involving intrinsically elastic and adaptable actua-
tion principles.

	■ Fast and powerful interaction with tools: Robust and 
powerful components should be integrated into the system 
to enable the use of power tools weighing 1 kg or more.

FIGURE 1. The dexterous humanoid neoDavid is assembled of the 
elastic upper body David and the four-wheeled omnidirectional 
mobile platform NEO. 
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	■ Fine manipulation of tools and objects: The ambitious 
goal is to challenge the variety of human tools from fine 
manipulation with the need for grasp transition and in-
hand manipulation to power-tool usage in one single sys-
tem. Such skills require accurate mechanics, perception, 
control, planning, and high finger dexterity.
This article is structured as follows. After the system over-

view in the “System Architecture” section, the subareas of 
mechatronics (see the “Mechatronics” section), control (see the 
“Motion and Interaction Control” section), perception (see the 
“Perception” section), and manipulation (see the “Manipula-
tion” section) are introduced individually, emphasizing their 
individual contributions to neoDavid. The “Validation and Dis-
cussion” section presents experimental demonstrations on the 
robot that illustrate the joint action of all involved components. 
In the final section we present our conclusion and future work.

SYSTEM ARCHITECTURE
The anthropomorphic lightweight system neoDavid is a 
research robot designed to solve complex manipulation tasks 
in unstructured environments. As such, the depth of develop-
ment ranges from mechatronics to skills to applications as 
well as interaction with a human. To give an overview of the 
involved topics and communication structure, we classified 
these in system architecture layers, shown in Figure 2. We 
distinguish among

	■ task-planning layer intended for scheduling, high-level 
task priority handling, and human-robot interaction

	■ executive layer in which we develop our applications and 
coordinate the skills

	■ behavioral control layer with skills that are needed 
to fulfill a task as well as low-level data processing 
software

	■ mechatronics layer which is the lowest level, including the 
physical manifestation as well as firmware and middle-
ware for communication.
Software in the task-planning layer with automatic sched-

uling or high-level task priority handling will be the next big 
step for autonomy on neoDavid. Currently, we rely on human 
input over graphical user interfaces, buttons, and physical 
human-robot interaction (pHRI).

Software modules are connected via the so-called Links 
and Nodes framework is a DLR system deployment software 
similar to Robotic Operating System (ROS)/ROS2. It aims at 
providing a clear view of the running modules (viewer, Simu-
link, and vision processing) and the way they exchange data. It 
provides software topic publisher/subscriber and service pro-
vider/client communication.

The main research activities are on the mechatronics and 
skills level, as indicated in orange in Figure 2. Our develop-
ment philosophy emphasizes a holistic approach to research 
and development, ensuring that individual advancements 
are reliable, compatible, and integrate seamlessly into the 
larger system. This prevents new features or technologies 
from degrading overall system performance. By aligning 
our research goals with practical applications, we focus on 

ROBOT (YEAR) DEVELOPER MAIN FEATURES HEIGHT WEIGHT
ACTIVE DOF  
(UNDERACTUATED DOF) APPLICATION AREAS

neoDavid 
(2023)

DLR VSA upper body, 20 DoF 
hand, ESP tracking control, 
dexterous manipulation

1.76 m 218 kg 52 [7/right arm, 5/left 
arm, 20/right hand, 6/left 
hand, 3/torso, 3/neck,  
8/platform]

Household and 
craftsmanship tasks

Rollin’ Justin [3] 
(2009)

DLR Torque-controlled, whole-
body compliance control, 
autonomous

1.91 m 200 kg 51 [7/arm, 12/hand,  
3/torso, 2/neck]

Household tasks, 
astronaut assistance

COMAN [4], [5] 
(2013)

IIT Torque-controlled, whole-
body compliance control; 
key joints with SEA

0.95 m 31.2 kg 31 [6/leg, 7/arm, 3/torso, 
2/neck]

Human-robot interaction, 
uneven terrain

WALK-MAN [6], 
[7] (2018)

IIT, 
University 
of Pisa

Advanced SEA, dexterous 
manipulation

1.92 m 132 kg 33 (69) [6/leg, 7/arm,  
3/torso, 2/neck, 1 (19)/ 
PISA/IIT SoftHand] [8]

Disaster response

ALTER-EGO 
[9] (2019)

IIT, 
University 
of Pisa

VSA technology, 
anthropomorphic upper 
body, self-balancing mobile 
base

1.00 m 21 kg 16 (52) [2/base, 5/arm, 
2/neck, 1 (19)/PISA/IIT 
SoftHand [8]

Physical human-robot 
interaction and 
teleoperation (e.g., Avatar 
Xprize)

LIMS2-
AMBIDEX [10] 
(2018)

KOREA-
TECH

Lightweight arms with low 
moving mass (2.63 kg) for 
high-speed manipulation

N/A N/A 19 [7/arm, 1/gripper,  
3/neck]

Manipulation of foldable 
objects

Musashi [11] 
(2019)

JSK, IMI, 
University 
of Tokyo

Musculoskeletal humanoid 
with component 
modularization

1.59 m 40.1 kg 52 (96) [7/arm,  
8 (30)/hand, 8/leg,  
3/torso, 3/neck]

Understand muscle 
systems and mechanisms 
in the human body, real-
world task execution

N/A: not available.

TABLE 1. An overview of compliant humanoid robots.
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delivering tangible real-world value. This approach directs 
our efforts toward making a meaningful impact, rather than 
simply pursuing theoretical advancements. As a result, our 
research becomes more relevant and useful within the broader 
research context, ultimately driving more significant contri-
butions to the field.

RESEARCH FOCUS ON SUBSYSTEMS
The constraints in size and shape, as well as the various 
research goals on neoDavid, require a well-structured sys-
tem architecture. It also helps to tell apart system compo-
nents to be improved through research from commercial 
off-the-shelf (COTS) elements. As is generally known, the 
mechatronic layer of a robot consists of sensors, actuators, 
motor current controls, and enabling subsystems. The 
research fields on neoDavid are focused on the highly inte-
grated and compact lightweight subsystems related to

	■ sensors
	■ actuators
	■ internal communication between computers, actuators, and 

sensors
	■ heat management, including water cooling

while reliable COTS components are used for
	■ power supply as an enabling subsystem
	■ computers as a part of the control subsystem

	■ a local area network (LAN) for communication between 
the computers, which is part of the control subsystem

	■ the four-wheeled mobile platform.
During the system design and development process, the 

selection of system elements, assemblies, and even single 
hardware parts and materials is based on this differentiation. 
A special challenge for the selection is to solve the conflict 
between using special components for highly integrated com-
pact subsystems and following a reasonable modular approach 
to reuse parts.

MODULAR APPROACH
To effectively manage complexity, we employ a modular design 
approach that integrates hardware, control firmware, and a 
flexible communication infrastructure. This involves dividing 
the system into smaller independent modules that can be devel-
oped, tested, and optimized separately and then integrated into 
the larger system. Our modular concept enables greater flexi-
bility, expandability, and ease of technology transfer between 
robots while also simplifying the creation of test beds.

MECHATRONICS
With neoDavid, we have made a paradigm shift in the 
mechatronic technology of the robots at DLR from torque-
sensor-based actuators to macroscopic elasticity in VSA. We 
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FIGURE 2. neoDavid’s system architecture and research fields (small boxes) of the four system architecture layers. The section titles of 
the sections that provide more detailed information on each area of research are given in parentheses.
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faced significant challenges in manifesting this new technol-
ogy, particularly in terms of achieving the required high inte-
gration density in a humanoid form. The mechatronic 
development of neoDavid focuses on the upper body, desig-
nated as David. The lower body of neoDavid, designated as 
NEO, incorporates the mobile platform MPO-700, developed 
by Neobotix GmbH, along with the battery, real-time PC, 
application PC, and power supplies. For the sake of simplici-
ty, the following mechatronic sections will focus on the upper 
body, including the figures.

KINEMATICS
The initial version of the robot, designated as the DLR Hand 
Arm System [1], has been built as one right arm with 7 DoF 
and one right hand with 19 DoF. While working with the 
robot in various setups and more demanding service and 
craftsmanship applications, such as the use of a hammer or 
fine manipulation with a pipette, the size of the workspace in 
front of the body became increasingly important.

Now, neoDavid has two arms and an active torso with  
3 DoF to address the need to increase the capability map area; 
see the “Offline Task Planning With Capability Maps” sec-
tion. The upper-body David weighs 55 kg and has a total of  
44 DoF, as shown in Figure 3. The mobile platform NEO 
weighs 163 kg with four wheels and 8 DoF for omnidirec-
tional driving. For two-handed manipulation of objects, an 
overlap of capability maps of the two arms is beneficial, but 
this is at the cost of the overall size of the reachable area. For 
the creation of a well-balanced overlap of the capability maps 
of the two arms in front of the body, the first shoulder axis 
is not pointing orthogonal sidewards but points more to the 

front and upwards. Both angle inclinations also help to bring 
the intersection points of the three shoulder axes of the arms 
closer together. This results in a more human-like appearance 
with a smaller shoulder width. Furthermore, the motion range 
of 205° in the floating spring joint (FSJ) [16] is upgraded to a 
motion range of 271° and integrated in both arms.

The hand has been upgraded from Dyneema tendons and 
friction bearings to steel tendons and ball bearings. This has 
resulted in significant improvements in modeling and friction 
[17]. Ring and little finger tendon routings are now modified to 
remove position couplings, leaving only stiffness couplings in 
the proximal interphalangeal and distal interphalangeal joints. 
The metacarpal rotation in the little finger has been discarded 
because the benefit of this joint has turned out to be insignificant. 
The thumb kinematics is changed to match the other fingers for 
simpler maintenance. Furthermore, by increasing the pulley 
diameters, the thumb got stronger. However, the latter change 
came along with some sacrifice in terms of motion range.

The left forearm and hand have a reduced design to decrease 
complexity with fewer motors and parts and also to test the 
technology with simpler kinematics. The forearm features no 
wrist joints, resulting in a 5 DoF left-arm kinematics. The left 
hand has only two identical opposing fingers (each 4 DoF) with 
the kinematics of a middle finger of the right hand.

ACTUATION
To handle the large number of drives integrated in the sys-
tem, a generic and modular approach regarding hardware and 
control firmware is pursued. Due to requirements such as low 
inertia, high dynamics, and small form factors with high 
torque, permanent magnet synchronous motors (PMSMs) are 
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FIGURE 3. A representation of the upper-body kinematics of neoDavid in a simplified view. The right five-finger hand and the left two-
finger hand are shown in enlarged form. The locations of the VSAs are indicated on the example of the right arm and hand. 
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almost exclusively deployed. A field-oriented control algo-
rithm is used and implemented in field-programmable gate 
arrays (FPGAs) to provide the required control bandwidth 
with a current control frequency of 100 kHz [1]. To verify 
any changes to the motor control firmware before applying it 
to the hardware, a floating-point VHDL PMSM simulation 
model is used to complement the firmware.

ELECTRONIC MODULES
The digital inverter electronics stack is an integrated module 
consisting of a base power supply module and up to eight stack-
able smart inverter modules. The power supply contains the dc/
dc converters, and each smart inverter module contains a three-
phase voltage source inverter as well as a digital electronics part 
with a Xilinx Virtex 5 FPGA. The FPGA comprises the motor 
control firmware module as well as the sensor communication 
and SpaceWire backbone communication interface.

MOTOR MODULES
neoDavid utilizes four types of motor modules. In the torso 
are TQ-Robodrive ILM70x18 commuted with RD70 position 
sensors. The main motors in the arms are TQ-Robodrive 
ILM50x14 with a custom off-axis position sensor setup for a 
more compact design. A miniservo motor module based on 
the TQ-Robodrive ILM25 series was developed to satisfy the 
need for an integrated small form factor servo drive with high 
control bandwidth and high torque density. The module is 
used as a stiffness adjuster motor in the FSJ as well as the 
main drive in the forearm and used for finger actuation. A 
power electronics printed circuit board (PCB) with an inte-
grated commutation sensor and an FPGA-based digital elec-
tronics PCB are directly mounted to the motor. The neck is 
driven by Robotis’ Dynamixel MX servo drives.

FSJ
The FSJ is a modular and compact VSA unit with an inte-
grated joint bearing. It is used in the three shoulder joints of 
each arm and in a special hinge joint version in both elbows; 
see Figure 4(a). The FSJ is based on an asymmetric actuation 
design, where one large motor (ILM50) is responsible for the 
output motion and one small motor (ILM25) changes the 
mechanical stiffness; see Table 2. The spring mechanism 
contains a single floating spring between two antagonistic 
cam disks.

Absolute position sensors with 16-bit resolution measure 
output position, passive deflection, and stiffness setup. Redun-
dant information on the joint state is gathered together with the 
motor encoder positions, which are used for error detection and 
safety. The mechanism is designed to feature low friction and 
high structural stiffness to minimize unmodeled side effects, 
which could affect the system accuracy. The overall system 
performance is affected by mechanical losses due to friction 
torques in the drive train [18]. The Harmonic Drive (HD) gears 
dominate the frictional behavior, which varies with velocity, 
load, and temperature. Temperature sensors are integrated in 
the FSJ on the HD gearbox and motors.

BIDIRECTIONAL ANTAGONISTIC VARIABLE  
STIFFNESS ACTUATOR
This concept is an extension of an antagonistic actuator; see 
Figure 4(b). Two different bidirectional antagonistic variable 
stiffness (BAVS) implementations are developed for the wrist 
and forearm rotation [19]. All BAVS implementations have a 
symmetric actuation design with two equally sized ILM25 
motor modules. In bidirectional mode, both motors can pull 
and push in each direction of the joint so that the individual 
maximum motor torques can be superimposed. Two identical 
antagonistic mechanisms with cam disks are located in series 
to the motors. The output stiffness is altered in the spring 
mechanism by spring preload and also by the changing gear 
ratio effect. Three different types of cam disks have been 
developed and tested for better practicability with an 
increased spring energy capacity and a wider area of stiffness 
setup. Absolute position sensors with 16-bit resolution mea-
sure the output position and the passive deflection.

TORSO
The torso system is composed of a tendon-driven base with  
2 DoF to enable leaning to the front or the back and side-to-side 
motions [20] as well as a shoulder rotation joint with 1 DoF to 
allow for vertical rotation of the upper body. The base is actu-
ated by three tendon actuators, and due to direct tendon rout-
ing using only one pulley along the tendon path, the tendon 
kinematics is nonlinear. The drive pulleys are fitted with over-
load couplings to prevent damage to the system and to protect 
against overloading caused by external impacts. Parallel to the 
actuation forces, a spring compensation system is implement-
ed to counteract the majority of gravitational torques.

FLEXIBLE ANTAGONISTIC SPRING
The flexible antagonistic spring (FAS) (see [21]) is a variable-
stiffness spring element for tendon-driven joints such as the 
neoDavid Awiwi hand, which is actuated in an antagonistic 
manner; see Figure 4(c). This technology is currently 
employed in the third-generation neoDavid hand as well as 
the two-fingered left hand. The antagonistic setup can apply a 
tendon preload, compensate for the nonlinear wrist transmis-
sion, and allow dislocation of the joint during hard impacts. 
For a robot hand, which is designed to operate in unstruc-
tured and partly unknown environments, this capability can 
be essential.

The FAS is located in the tendon path between the motor 
and the finger. To fit to the 20 different joints of the right 
hand and 38 different tendon lengths, which affect the stiff-
ness behavior strongly, the FAS can be adapted to the desired 
stiffness curve by offsetting the spring fix point. Specially 
designed off-axis magnets with 12-bit hall sensors and bidi-
rectional serial synchronous (BiSS) interface measure the ten-
don force.

TENDON-DRIVEN ELASTIC CONTINUUM NECK JOINT
The tendon actuation system of the fingers from the previous 
section is also used for the tendon-driven neck. Contrary to the 
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fixed kinematics of the finger 
joints, the neck is realized by a 
structurally deformable cylindrical 
structure molded in silicone [22], 
which is located between two rigid 
platforms. The lower platform is 
mounted toward the shoulders, 
while the upper platform supports 
the head and the integrated visual 
system. To move the head, the four 
tendons connected to the upper 
platform are tensioned, applying a 
load to the silicone structure. By 
using four tendons not in a straight 
vertical direction but in two 
V-shaped kinematics acting similar 
to a 4 DoF Stewart platform, roll, 
pitch, and yaw movements of the 
head are possible. The largest 
motion is achieved in the look-
down configuration, which is pri-
marily required for manipulation.

COMMUNICATION
The present version of the upper 
body of neoDavid consists of 173 
position sensors, three force sen-
sors, and 83 motors. Since neoDa-
vid is a platform for research, the 
number and type of sensors con-
stantly change. The large number 
of different motors and sensors 
poses strong demands on the com-
munication bandwidth [1]. Due to 
the dynamics of the humanoid 
robot, a control frequency of 1 
kHz was specified for the super-
imposed robot control. Therefore, 
the system requires a well-struc-
tured, high-bandwidth, and scal-
able communication architecture. 
To reserve buffers for additional 
digital filters, a communication 
frequency of 3 kHz was defined. 
The resulting control bandwidth 
and low latency enable high main 
control loop frequencies, which 
are essential to apply control and 
stability considerations from the 
continuous time domain. The 
communication infrastructure was 
designed hierarchically with 
SpaceWire as the communication 
backbone and bidirectional bit 
pipeline interfaces (BBPIs), a pro-
prietary development (replacing 
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the originally used BiSS), as the peripheral connection to 
sensors and actuators.

SpaceWire is a common fieldbus for space applications due 
to its small footprint and its easy-to-implement features on 
FPGAs. Additionally, it supports arbitrary topologies (point to 
point, rings, and trees) and is deterministic for a given topol-
ogy. Another important aspect is its integrated mechanism for 
time distribution. Furthermore, with the adapted physical layer 
presented in [23], high bandwidth and low latency are achieved.

We utilize SpaceWire’s integrated time distribution mecha-
nism to synchronize the system’s modules, such as the hand, 
arm, and torso, and to globally align local clocks [24]. To further 
reduce timing discrepancies, we employ a phase-locked loop 
(PLL)-based local clock that is synchronized globally, minimiz-
ing jitter between spatially separated SpaceWire components. 
Our SpaceWire setup also enables the recording of all raw data 
at the main control loop frequency without compromising real-
time performance, providing a robust infrastructure for data 
mining and big data analysis. BBPI follows a similar approach 
to SpaceWire with respect to (w.r.t.) the possible topologies, syn-
chronization, and the strict hierarchical approach on the periph-
eral bus level. It has been developed for the data exchange of 
FPGA-based sensor and actuator modules.

One exception to the described architecture is the COTS 
mobile platform, which contains a built-in real-time (RT) 
computer like the other subsystem. Communication with 
this RT computer, however, is not implemented via Space-
Wire but over Ethernet via ROS topics connected to links 
and nodes. At the current state, Ethernet communication and 
power supply to neoDavid are tethered.

MOTION AND INTERACTION CONTROL
The quest for high mechanical robustness and dynamic per-
formance motivated the design of robots with VSA joints. 
However, the incorporation of mechanical compliance intro-
duces underactuation and unwanted oscillatory dynamics, 
making control a challenging task. This section discusses 
how we achieve the objective of robust and precise manipula-
tion with neoDavid from a control perspective.

The innovative concept of quasi-full actuation (QFA) was 
developed to unify the control design and analysis for both 
rigid and elastic joint robots (EJRs) [25], including neoDavid. 
This framework can be interpreted as a generalization of [26] 
and [27], where the equivalence principle is used to achieve 
gravity compensation and set-point regulation.

The core idea of QFA revolves around a simultaneous trans-
formation of coordinates and inputs on the extended phase 
space. This transformation enables us to treat EJRs as if they 
were fully actuated and input/output passive [25]. Through the 
concept of QFA, we pursue “minimalistic” control designs, 
where the desired system behavior is obtained by the least feed-
back modification of its dynamics. This approach is particularly 
well suited for elastic systems like neoDavid. Our lab experi-
ments have consistently shown that control approaches that sig-
nificantly modify or override the inherent rigid robot dynamics 
tend to exhibit unstable behavior when implemented on actual 
hardware. This problem becomes more pronounced as joint 
compliance increases, reducing mechanical bandwidth. This 
observation sparked the development of a series of passivity-
based control schemes tailored for robots with elastic or visco-
elastic joints, collectively known as elastic structure preserving 
(ESP) control [28]. ESP control adheres to the philosophy of 
“Do as little as possible, but as much as necessary” and serves as 
the foundation of our motion and interaction control framework 
for neoDavid. This framework achieves the following:

	■ safe and compliant interaction
	■ uniform asymptotically stable motion tracking in both 

joint and task spaces
	■ a passive and robust closed-loop system
	■ high positioning accuracy.

Our ESP-based control framework empowers EJRs to 
perform commercially viable tasks, as demonstrated in the 
“Validation and Discussion” section. Notably, neoDavid’s 
arms achieve a joint positioning accuracy of 72 μrad [29], 
which is the link sensor resolution. This level is comparable 
to that of rigid robots. In contrast to conventional impedance 
control methods [30], [31], where the renderable stiffness is 
bounded by the stiffness of the elastic element within the SEA, 
the ESP control concept overcomes this limitation [28]. The 
passivity of the closed-loop system is guaranteed, irrespective 
of the impedance control parameters. This highly desirable 
property is a direct result of the structure-preserving nature 
of the ESP approach, where the generated closed-loop dynam-
ics consists solely of passive elements: masses, springs, and 
dampers.

CONTROL APPROACHES
David utilizes various actuation principles, each presenting 
distinct control challenges; see Figure 4. A common challenge 
across its compliant actuators is the inherent underactuation, 

ACTUATOR WEIGHT MAX. TORQUE/FORCE SPRING ENERGY MAX. DEFLECTION MOTOR MODULE GEAR

FSJ 1.4 kg 68 Nm 5.3 J ±15° ILM50x14 HD CSD-25 80/1

ILM25x8 HD CSD-8 and 
hypoid 1000/1

BAVS 0.25 kg, 0.75 kg 8 Nm 0.9 J ±22.5°, ±18° 2x ILM25x4,8 HD CSD-8 100/1

FAS N/A 120 N 0.1 J 2-7 mm (30°) 2x ILM25x4,8 HD CSD-8 100/1

TABLE 2. The properties of neoDavid’s VSAs.
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lack of input/output passivity [32], and highly nonlinear stiff-
ness characteristics.

ASYMMETRIC VSA
Asymmetric VSA elements utilize a primary motor to control 
the link’s equilibrium position, with a secondary motor 
adjusting stiffness. Examples include the FSJ, as shown in 
Figure 5, and the torso’s vertical axis. Usually, the adjuster 
dynamics can be neglected during control design as it is com-
parably slow relative to the dominating dynamics of the main 
motor. To achieve uniform globally asymptotically stable 
motion tracking, combined with direct link-side damping 
injection, we apply the ESP controller from [28].

BI-ANTAGONISTIC VSAS
In contrast to asymmetric VSA, bi-antagonistic setups couple 
the effects of both motors, requiring the consideration of both 
motor dynamics in control design, increasing complexity. 
Depending on the motor’s relative motion, either the stiffness 
or the equilibrium position is altered. In [33], we exploited 
this property to extend the ESP concept to achieve simultane-
ous motion tracking and joint stiffness control. The controller 
is employed on the BAVS actuator in forearm rotation.

TENDON-DRIVEN ACTUATION
Tendon routing introduces a configuration-dependent cou-
pling of elastic torques, requiring the coordinated movement 
of multiple motors to move a single link. The null space of 
the finger coupling matrix offers flexibility in varying stiff-
ness behavior. Avoiding slack is addressed by maintaining 
sufficient and appropriate pretension. For the tendon-actuat-

ed torso, we use a cascaded control approach, ensuring the 
desired tendon pretension with an inner-loop tendon-force 
controller, while an outer-loop joint impedance controller 
facilitates motion tracking. Following the aforementioned 
ESP control philosophy, our controller preserves the coupled 
elastic structure of the finger, achieving closed-loop dynam-
ics with minimal modifications [34].

ELASTIC CONTINUUM NECK
For control purposes, the dynamics of the continuously 
deformable neck is reduced to a rigid body (head) on a non-
linear spring with 6 DoF. The characteristics of the mapping 
from generalized spring forces to rigid-body coordinates 
were obtained through identification [22]. The control loop 
employs a cascaded approach with inner tendon-force con-
trollers, ensuring desired tendon-force tracking. The outer 
loop utilizes partial feedback linearization to account for the 
underactuation and enable the trajectory tracking of chosen 
outputs, including head orientations and neck compression.

PERCEPTION
To perceive its environment, neoDavid is equipped with an 
Azure Kinect RGB-D camera mounted on a structurally elas-
tic neck, imposing significant challenges for accurately mea-
suring or estimating the pose of the object or the hand. Pose 
estimation is crucial for manipulation tasks. In the following, 
we illustrate how computer vision and proprioception 
enhance the manipulation skills.

COMPUTER VISION
To estimate the pose of an object and the hand, a 3D object 
M3T tracker1 is employed to estimate the poses of objects 
and the robot hand continuously. It runs at the full camera 
frequency of 30 Hz. M3T is a highly efficient modular algo-
rithm developed at DLR that supports a wide range of kine-
matic structures, object characteristics, and camera 
configurations. In comparison to other tracking approaches, 
such as [35] or [36], M3T fuses region-based red, green, blue 
(RGB), depth, and texture information and incorporates data 
from joint sensors. The applied region-based approach uses 
color statistics to differentiate between sparse representations 
of the object silhouette and background, and it estimates the 
pose that best explains the segmentation. The integrated 
depth modality uses an Iterative Closest Point Algorithm-like 
technique that minimizes the distance between model points 
and depth measurements [37]. To consider connections 
between rigid bodies in the forearm, wrist, and hand, we 
accurately model the closed wrist kinematics using joints and 
constraints within the M3T framework [38]. The initial 6D 
poses of the manipulated objects are estimated by applying a 
2D bounding box detector followed by our augmented auto-
encoder [39]. An example image that shows the tracking of 
the hand and a manipulated cup object is shown in Figure 5.

1M3T: Multi-body, Multi-modality, and Multi-camera 3D object Tracking; see 
https://github.com/DLR-RM/3DObjectTracking for more details

FIGURE 5. David grasping a cup object. Predictions for the pose 
and configuration of the forearm, wrist, palm, and cup from the 
M3T tracker are visualized as a pink overlay. Red dots represent 
depth information point cloud from the sensor. Please note the 
missing depth information, e.g., on the table surface, by the  
“shadows” of the arm and the cup.

https://github.com/DLR-RM/3DObjectTracking
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PROPRIOCEPTION
Proprioception allows neoDavid to cope with the challenge 
that objects might get lost in tracking due to fast motions and 
large occlusions. The underlying reason for this is the design 
of the tracker to locally optimize in a given image and esti-
mate minor pose changes from consecutive frames. Therefore, 
to improve the pose estimation for the right arm, M3T incor-
porates the forward kinematics and joint measurements into 
the optimization process. In the case of strong pose estimation 
deviations above a certain threshold, the tracking optimization 
is constrained to the forward kinematics [38]. Consequently, 
this helps to avoid tracking loss, improves robustness, and 
thus positively affects the accuracy of the tracker. In summa-
ry, one can conclude that, similar to humans, this allows neo-
David to have a degree of proprioception in the sense of 
combining the approximate hand position with visual feed-
back for precise estimations.

MANIPULATION
The initial step in the planning process 
for a desired manipulation task is an 
analysis of the workspace. By identify-
ing potential improvements to the task 
execution location, this allows for a 
more effective planning of the manipu-
lation task. Once the offline task plan-
ning is done, our motion planner is used 
for the efficient computation of colli-
sion-free and smooth trajectories. To 
grasp the objects, the motion planner 
computes a trajectory to move the hand 
of the robot in the vicinity of the 
object’s location. From this proximity, 
the planner generates a local approach 
motion of the palm w.r.t. the object 
pose. Subsequently, the fingers move 
toward the object and finally close to 
grasp and manipulate the object.

OFFLINE TASK PLANNING WITH 
CAPABILITY MAPS
The workspace analysis done before 
the task uses the capability maps [40], 
which provide a visualization of the 
reachable workspace of the robot and a 
color-coded percentage of possible 
hand orientations per reachable dis-
crete point, called the capability index.  
Thanks to the color-coded representa-
tion of the capabilities, we can also use 
this tool to observe the impact on the 
workspace reachability of an extension 
of the kinematic chain of the robot. As 
illustrated in Figure 6(a), the incorpo-
ration of torso joints into the system 
has resulted in a notable expansion in 

the size of the capability maps. Another observable change is 
that the increase in the percentage of possible orientations 
can be observed as a direct consequence of the extension of 
the kinematic chain of the robot.

Before the manipulation starts, the reachable workspace 
is analyzed by means of the capability maps of the robot so 
that the user can choose a region for the execution of the task, 
where the manipulation is not only feasible but also as dexter-
ous as possible. The visual information given by the capability 
maps is complemented by adding the robot and environment 
to the visualizer scene, as shown in Figure 6(b). As a result, 
one can observe the expected dexterity represented by the 
capability index in specific areas of the environment and opti-
mize the location for the task setup.

MOTION PLANNING
To exploit the increased reachability of the workspace visible in 
Figure 6(a), we employ the robotic motion planning library 

(b)

Capability:

100%

50%

0%

(a)

FIGURE 6. The capability maps as a planning tool. In (a), the capabilities of the 7 DoF right 
arm of David (on the left) are shown in comparison to the 7 + 3 DoF after the addition of 
the torso (on the right). Further right, the color map shows the capability index represented. 
In (b), the maps provide information on the dexterity of interactions with the scene 
(bottom), allowing us to plan the task setup using a visualization of the robot with the task 
environment (top). (a) Reachability and capability before and after the addition of the torso. 
(b) Offline planning of task setup using capability maps. 
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[41]. It is able to efficiently handle the extended joint space of 
the right arm with the torso and provide smooth and collision-
free trajectories toward Cartesian or joint space targets. 
Through a flexible Python interface, we are able to add objects 
to the motion planning environment and consider them inside 
the motion plan. A visual interface, shown in Figure 7, displays 
the information considered by the motion planner as well as 
the path executed by the planned motion. Additionally, the 
flexibility of the motion planner allows one to momentarily 
ignore desired collisions (e.g., for interactions with the task 
objects) and to add/remove objects from the environment dur-
ing task execution. To approach the objects, the motion planner 
first plans a Cartesian path for the palm to an object-fixed Car-
tesian target in close vicinity to the object’s location. Mean-
while, the corresponding arm trajectories in joint space are 
computed. The approaching motion is executed via the intro-
duced controller (see the “Control Approaches” section) as the 
first step. As the second step, the finger grasping motion is exe-
cuted, which will be further illustrated in the following section.

OBJECT GRASPING AND IN-HAND MANIPULATION
Thanks to its anthropomorphic multifingered hand design, 
the DLR robot neoDavid is kinematically capable of per-
forming object grasping as well as in-hand manipulation 
tasks. Nevertheless, enabling it to either grasp or manipulate 
an object involves varying levels of complexity of motion 
planning and control.

GRASPING
In this section, we refer to grasping as the process of immobi-
lizing objects by generating and executing finger motion, once 
the palm has been positioned in close proximity to the object. 
The final finger locations are predesigned based on the 
object’s shape and pose and the finger’s geometry. To ensure a 
stable grasp (e.g., satisfying the force-closure condition [42, 
Definition 4], a heuristic offset is added to the desired config-
uration to implicitly apply sufficient internal force. The trajec-
tory of each finger joint is generated with a third-order 
polynomial interpolation w.r.t. time with the upper-bounded 
velocity and acceleration. The trajectories are executed by 

impedance control, as described in cf. the “Tendon-Driven 
Actuation” section. However, in practice, grasp execution fail-
ures often occur due to sensing inaccuracies and the presence 
of friction as well as the fact that the motion is executed in an 
open-loop manner. To address these issues and enable more 
dexterous manipulation, e.g., rotating a wooden pentagonal 
toy (see the supplementary video available at https://doi.
org/10.1109/MRA.2025.3599706) in the “Fine Manipulation 
of Tools and Objects” section, the real-time feedback of the 
object pose and finger-object contact locations are required.

OBJECT IN-HAND LOCALIZATION
A fundamental task in object localization is to robustly and 
continuously estimate reliable finger contact point loca-
tions by fusing data from various proprioceptive sensors. In 
our work [43], we employed an extended Kalman filter 
(EKF) that integrates the finger joint position and torque 
measurement as well as the object pose prediction from the 
tracker to estimate the contact point locations during the 
grasping. Additionally, when the object is partially or com-
pletely occluded by the hand, the EKF computes a correc-
tion term to enhance the accuracy of the tracker’s object 
pose estimation.

IN-HAND MANIPULATION
Using the estimated object state, the developed object-imped-
ance controller [44] is designed to achieve compliant object 
repositioning within the hand while ensuring that the object 
remains securely held. The motion control comprises two 
components: 1) object wrench generation, which leads to 
changes in the object’s pose, and 2) internal wrench genera-
tion, which accounts for changes in the object’s internal forc-
es. Since contact forces exerted by the fingers are unilateral, 
the final wrench distribution for each fingertip is formulated 
as a real-time feasible convex quadratic programming prob-
lem [45] that satisfies the friction cone condition [46, eq. 
(5.3)]. The desired finger wrenches are then mapped to refer-
ence joint torques, which are passed to the inner-loop tendon-
force controller.

VALIDATION AND DISCUSSION
Since a universal humanoid robot is, by 
definition, designed to perform a wide 
variety of different tasks, it is challeng-
ing to validate its versatility just by a 
few measurable use cases. Therefore, 
the versatile character of the robot in 
terms of dexterity and robustness is val-
idated in exemplary experimental appli-
cations with fundamentally different 
objectives, e.g., handling a drill ham-
mer, fine manipulation of a pipette, and 
emptying a dishwasher. These applica-
tions are selected as challenging service 
robotics tasks in the context of crafts-
manship, industry, and household. The 

(a) (b) (c)

FIGURE 7. The visual interface from the motion planner shows, in (a), the 3D collision 
model along with the elements of the environment. In (b), the path computed toward a 
given goal can be checked. In (c), the target configuration is highlighted in light grey. 

https://doi.org/10.1109/MRA.2025.3599706
https://doi.org/10.1109/MRA.2025.3599706
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accompanying video (available at https://doi.org/10.1109/
MRA.2025.3599706) illustrates specific instances of applica-
tions that exemplify the objectives discussed. In the following, 
our results are grouped according to their main contribution to 
the objectives of the “Objectives” section.

HUMAN APPEARANCE
With the upper body of neoDavid, we achieved a human-like 
appearance with similar shape and motion axes located in a sim-
ilar area as the human, e.g., three intersecting axes in the abdo-
men, shoulder, and wrist. Also, the 55-kg 
upper body, including the torso and 
head, is similar to a human. The right 
forearm is bulkier and heavier (4.6 kg) 
than that of an average human, which is 
caused by the 44 motor modules driving 
the right hand and wrist. In this part, we 
chose superhuman motion capabilities 
over strict human appearance. A human 
has 19 main muscles for hand actuation 
in the forearm, where we have 38 motor 
modules instead to be able to move all 20 
DoF of the hand individually. The neo-
David system has no legs but a heavy 
four-wheeled base for a stable stance. 
This decision was due to the fact that we 
want to focus on manipulation tasks in 
applications where a small footprint is 
not absolutely necessary. When we 
expanded the system to include mobili-
ty, leg-based systems and control did 
not seem mature enough to provide sta-
ble and reliable support for an upper 
body performing fine manipulation 
with high external forces. Furthermore, 
the commercial availability of four-
wheeled platforms made it easy and cost-
effective to integrate mobility.

MODULARITY IN THE SYSTEM 
ARCHITECTURE
The modularization in neoDavid is 
realized in several hierarchical levels. 
First, all body segments (see Fig-
ure  8(a)) can be switched on/off and 
controlled separately, and they can be 
mechanically separated easily in case 
of maintenance. This makes debug-
ging and failure handling dramatically 
simpler. Second, for its 52 DoF and 91 
motors, only six different motor mod-
ules and five types of communication 
electronics are used; see Figure 8(b). 
The left and right arms can be trans-
formed vice versa by a simple 
remount; only a few housing parts and 

the wrist are different. Despite the many modules in our 
real-time communication, the jitter between spatially sepa-
rated SpaceWire components within each 3-kHz control 
loop of the system is ±16 ns, which is achieved by introduc-
ing a globally synchronized PLL-based local clock [24].

ROBUSTNESS AGAINST IMPACTS
Mechanical robustness against impacts during operation is 
one of the main motivations for the development of neoDavid. 
Consequently, we have conducted experimental validations 

Arm
4x FSJ Modules
1x BAVS Module

Right Forearm

38x FAS

Torso
4x Motor Module
1x Mech. Gravity
Compensation

Neck
4x Motor Modules

1x Neck Electronic Node
Power Supply
Communication

3x Forearm arm Electronic Nodes
Communication

3x Torso Electronic Nodes
Power Supply Module
Digital/Inverter Module
Communication

4x Arm Electronic Nodes
Power Supply Module
Digital/Inverter Module
Communication

MPO-700
4x Wheel Turn Module

MPO-700 Electronics
Mobile Platform Internals

Left Forearm
12x FAS

Torso

SpaceWire
Link Wrist

Neck
and

Head

Right Hand
RT

Right
Hand

NEO
With

MPO-700Neck and
Torso RT 

MPO-700
RT

Left Hand
RT

Left
Hand

Left Arm
RT

Left
Arm

Right  Arm
RT

Right
Arm

(a)

(b)

4x Wheel Rotation Module

2x BAVS Actuators

FIGURE 8. (a) The subsystems of neoDavid and their real-time computer nodes and 
distribution. Information from the right wrist is transmitted directly via SpaceWire to the right 
arm computer to provide 7 DoF arm control without time delay. (b) The actuators (red) and 
electronic nodes (green) of neoDavid. 

https://doi.org/10.1109/MRA.2025.3599706
https://doi.org/10.1109/MRA.2025.3599706
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already in the early stages of development, shown in the 
supplementary video available at https://doi.org/10.1109/
MRA.2025.3599706. The fingers withstood impacts of an 
840-g hammer with an impact velocity of approximately 2 
m/s without any damage [21]. Also, no harm was done to 
the arm when we hit it with a baseball bat and transferred 
22 J of impact energy [16]. Robustness of the arm, including 
control, was validated in [28] with a 3-kg mass swinging 
against the forearm with an impact energy of 7.7 J. The 
same swinging mass was used to hit the head with an 
impact energy of 6.2 J, demonstrating the robustness of 
the structurally elastic neck. The overload protection 
feature of the face shield is also visible. The visor is 
attached to the head by magnets to absorb the impact ener-
gy. All covers and the neck structure remain intact  
after impact.

FAST AND POWERFUL INTERACTION WITH TOOLS
Dynamic forces in combination with high static forces on the 
grip handle are typical for the use of power tools. Drilling 
holes into a pavement slab made of concrete addresses sever-
al challenges of craftsmanship tasks with power tools. The 
guiding hand and arm have to withstand external forces 
while performing a coordinated movement and the operation 
of the tool. In the experiment, we used a 2.0-kg Bosch Uneo 
Maxx drill hammer with a single hit force rating (European 
Power Tool Association) of 0.6 J and drilled more than 100 
holes in 5-cm concrete slabs with full machine power (see the 
supplementary video available at https://doi.org/10.1109/
MRA.2025.3599706).

Surprisingly high peak forces are also required during 
everyday applications in household scenarios. The torque/
force  , F, ,max maxp px  analysis of opening the door in the dish-
washer application is given in Figure 9 (see the supplementary 

video available at https://doi.org/10.1109/MRA.2025.3599706). 
Peak velocity is key to dynamic applications such as throwing 
a ball, which was thrown more than 5.1 m with a Dynamic 
Motion Primitives generated trajectory and caught by the robot 
Justin (see the supplementary video available at https://doi.
org/10.1109/MRA.2025.3599706).

FINE MANIPULATION OF TOOLS AND OBJECTS
We demonstrate our in-hand manipulation framework from 
the “Object Grasping and In-Hand Manipulation” section by 
reorienting objects of different shapes between three and five 
fingers (see the supplementary video available at https://doi.
org/10.1109/MRA.2025.3599706). This basic skill is essential 
for manipulation tasks. Figure 10(b) and (c) shows the results 
of the in-hand reorientation of the pentagon-shaped object 
depicted in Figure 10(a). A periodic triangular reference is 
applied that results in a continuous motion of the object [44]. 
Furthermore, the position and orientation tracking deviations 
of two additional objects were quantitatively assessed, as 
detailed in [44], Table 1.

Using a pipette mainly involves perception and fine 
manipulation skills (see the supplementary video avail-
able at https://doi.org/10.1109/MRA.2025.3599706). The 
trigger of the pipette is pressed with the thumb to use the 
tool while maintaining a stable grip with the fingers. This 
sequence of grasp transitions and in-hand manipulation 
was possible only due to the high number of DoFs and the 
range of motion, especially in the carpometacarpal joint of 
the thumb.

Same as for the pipette, the drill hammer was held dur-
ing operation with four fingers in a power grasp, and the 
trigger was operated by the remaining finger, which was, 
in this case, the index finger (see the supplementary video 
available at https://doi.org/10.1109/MRA.2025.3599706). 

Also, with this power tool, separately 
movable fingers are the key factor for 
successful operation, which indicates 
that multiple active DoFs are neces-
sary for many tools, in particular, 
power tools.

Emptying a dishwasher is a demand-
ing task from a robotics perspective. 
Various consecutive subtasks need to 
be completed successfully in a row to 
accomplish the whole chore. We ana-
lyzed the spatial workspace and the 
dishwasher setup with capability maps 
to place the dishwasher in an area where 
neoDavid can open its door and trays, 
and it can reach all objects as well as the 
area on top of the dishwasher to place 
the objects; see also Figure 6. A signifi-
cant aspect of the process of emptying 
a dishwasher is the act of grasping the 
various items contained within. We 
show the overall grasp success of one of 
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the objects from the dishwasher in Figure 11. As introduced 
previously in the “Manipulation” section, in our implementa-
tion, the vision system provides a Cartesian target for the plan-
ner to approach the object and finally grasp it. The Cartesian 
target is given as a predefined reference of the palm pose w.r.t. 
the object frame to grasp. This approach produces a repeat-
able behavior, achieving a grasp success rate of 73.75% on the 
highlighted positions of the rack. In the plot, it can be observed 
how the first position of the rack is 
declared as unfeasible since the object 
does not fit in. However, in the adjoin-
ing positions, the object fits in the rack, 
and the robot has a high grasp success 
rate until the final slots of the rack. At 
the rearward positions in the rack, the 
grasp starts to fail given a decrease in 
the kinematic reachability of the sys-
tem, which hinders the predefined palm 
pose w.r.t. the object to be successfully 
reached, therefore resulting in a failure 
to grasp. Visibly, the success rate of this 
method relies highly on both finding the 
palm pose w.r.t. the object that enables 
the grasp but also on the kinematics able 
to reach the predefined pose.

CONCLUSION AND FUTURE WORK
neoDavid’s synergistic integration of 
embodiment (hardware) and computa-
tion (software) is the key enabling fac-
tor for its robust and dexterous 
manipulation capabilities [47]. The 
robot’s physically compliant actuation 
technology spans its entire body, with 
each actuator providing exceptional 
shock resistance and enabling highly 
dynamic mot ions.  In pa ra l lel , 
advanced control algorithms enable 

cobot-level accuracy, facilitating fine and dexterous manip-
ulation, with their passive-induced robustness complement-
ing the mechanical resilience of the hardware. Research 
advancements in mechatronics, control, capability mapping, 
perception, and manipulation have elevated the system’s 
capabilities to a level where it is ready to execute complex 
tasks. All developments have been tested and verified 
through diverse experiments.
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Our future work will focus on developing a more stream-
lined computer architecture with fewer real-time computers. 
This approach promises to achieve higher performance in 
whole-body control by reducing time delays due to current 
Ethernet communication. Additionally, it will consume less 
power and have a smaller build volume. These improve-
ments will also enable untethered operation for unrestricted 
navigation.
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THE ANTHROPO-
MORPHIC LIGHT-
WEIGHT SYSTEM 

NEODAVID IS A RE-
SEARCH ROBOT DE-
SIGNED TO SOLVE 
COMPLEX MANIPU-
LATION TASKS IN 
UNSTRUCTURED 
ENVIRONMENTS. 

THE CONSTRAINTS 
IN SIZE AND 

SHAPE, AS WELL 
AS THE VARIOUS 
RESEARCH GOALS 

ON NEODAVID, 
REQUIRE A WELL-
STRUCTURED SYS-

TEM ARCHITECTURE. 

THE PRESENT VER-
SION OF THE UPPER 
BODY OF NEODAVID 

CONSISTS OF 173 
POSITION SENSORS, 

THREE FORCE  
SENSORS, AND 83 

MOTORS. 

PROPRIOCEPTION 
ALLOWS NEODAVID 
TO COPE WITH THE 

CHALLENGE IN 
TRACKING OBJECTS 

THAT MIGHT GET 
LOST DUE TO FAST 

MOTIONS AND 
LARGE OCCLU-

SIONS.

MECHANICAL RO-
BUSTNESS AGAINST 
IMPACTS DURING 

OPERATION IS ONE 
OF THE MAIN MO-

TIVATIONS FOR THE 
DEVELOPMENT OF 

NEODAVID.

THANKS TO ITS 
 ANTHROPOMOR-

PHIC MULTIFIN-
GERED HAND 

DESIGN, THE DLR 
ROBOT NEODAVID 
IS KINEMATICALLY 
CAPABLE OF PER-

FORMING OBJECT 
GRASPING AS WELL 

AS IN-HAND MA-
NIPULATION TASKS. 


