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Enhancing the Performance of a Biomimetic Robotic
Elbow-and-Forearm System Through
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Haosen Yang , Student Member, IEEE, Guowu Wei , Member, IEEE, and Lei Ren , Member, IEEE

Abstract—This article delineates the formulation and verifica-
tion of an innovative robotic elbow-and-forearm system design,
mirroring the intricate biomechanics of human musculoskeletal
systems. Conventional robotic models often undervalue the sub-
stantial function of soft tissues, which provides a compromise
between compactness, safety, stability, and range of motion. In
contrast, this study proposes a holistic replication of biological
joints, encompassing bones, cartilage, ligaments, and tendons,
culminating in a biomimetic robot. The research underscores a
compact and stable structure of the human elbow and forearm,
attributable to a tri-bone framework and diverse soft tissues. The
methodology involves exhaustive examinations of human anatomy,
succeeded by a theoretical exploration of the contribution of soft
tissues to the stability of a prototype robotic elbow-and-forearm
system. Evaluation results unveil remarkable parallels in the range
of motion between the robotic joints and their human counterparts.
The robotic elbow emulates 98.8% of the biological elbow’s range
of motion, with high torque capacities of 11.25 N ·m (extension) and
24 N · m (flexion). Similarly, the robotic forearm achieves 58.6%
of the human forearm’s rotational range, generating substantial
output torques of 14 N · m (pronation) and 7.8 N · m (supination).
Moreover, the prototype exhibits significant load-bearing abilities,
resisting a 5 kg dumbbell load without substantial displacement. It
demonstrates a payload capacity exceeding 4 kg and rapid action
capabilities, such as lifting a 2 kg dumbbell at a speed of 0.74 Hz and
striking a ping-pong ball at an end-effector speed of 3.2 m/s. This
research underscores that a detailed biomechanics study can ad-
dress existing robotic design obstacles, optimize performance and
anthropomorphic resemblance, and reaffirm traditional anatomi-
cal principles.
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I. INTRODUCTION

IN RECENT years, significant advancements in the robotics
field have focused on developing and controlling humanoid

robots for integration into daily life. These robots are designed
to interact with humans and perform a variety of tasks. One
envisioned scenario involves physical collaboration between
humans and robots, which has long captivated the scientific
community. Human-centered and ergonomic design are crucial
aspects of engineering, and when humans interact with robots,
safety, and system efficiency are the primary considerations. The
pursuit of a biomimetic appearance resembling the human body
is also a key direction of effort in this field. Numerous studies
have focused on developing control architectures for ergonomic
physical human–robot interaction [1], [2]. However, the hard-
ware design of humanoid robots has rarely been considered for
optimization in collaborative actions. This article contributes
to the development of optimal biomimetic robotic elbow and
forearm designs, grounded in human anatomical structures, to
enhance performance and ergonomics in human–robot collabo-
rative tasks.

The elbow and forearm are crucial components of the upper
limb. In traditional robotic arm designs, the forearm typically
features a geared motor directly connected to the forearm output
rotation, with two rotating joints in series to mimic elbow flex-
ion/extension and forearm rotation [3], [4]. The current design
paradigm in robotic arms has sustained its prominence due to
the multiple advantages offered by these configurations, such
as a large range of motion [5], [6], [7]. Ultrapowerful motors
can generate considerable torque by increasing motor and limb
size [8], [9]. These designs often employ rigid components,
such as bearings and shafts to stabilize the joints. By using
materials, such as stainless steel, aluminium, titanium, and in-
corporating hinged joints and high-precision gearboxes, along
with advanced manufacturing technology, they can achieve ex-
ceptional strength and ultrahigh accuracy. Furthermore, these
designs simplify the processes of design, manufacturing, and
maintenance, while also aiding in the implementation of control
algorithms. However, balancing compactness and high output
performance can be challenging since the motor needs to be
installed near the joint for optimal efficiency. For example, using
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a small motor for forearm rotation may result in insufficient
output torque, while an excessively large motor can lead to a
bulky forearm, taking up space within the forearm structure and
complicating the installation of muscles responsible for hand
joint movements when using remote tendon control. On the
other hand, achieving compactness in the forearm often requires
local control of hand actuation, with all hand actuators located
inside the hand, making it difficult to generate larger output
torque at finger joints. Moreover, with increasing demands in
the human–robot interaction field, the rigidity and power of
such robotic systems can pose safety risks during interactions.
In addition, many robots lack the natural, human-like aesthetics
needed for comfortable interaction.

In the realm of human anatomy, the elbow is a distinct biome-
chanical structure characterized by a tri-bone configuration. This
setup, comprising the humerus, radius, and ulna, facilitates both
forearm rotation (through the rotation of the radius around the
ulna) and elbow flexion/extension (via the combined rotation
of the radius and ulna around the humerus). This intricate
arrangement yields a dual-joint system within a compact form,
adeptly balancing both mobility and stability without reliance
on mechanical shafts.

The human forearm and elbow joint present multiple advan-
tages. First, their compact design accommodates strong muscles
in a relatively small space, enabling precise and complex hand
and wrist movements, thereby contributing significantly to man-
ual dexterity. Second, the stability of these joints, characterized
by their mobile yet resilient nature, allows for substantial load-
bearing capabilities without risking damage to the elbow or fore-
arm. And finally, the safety and compliance attributes of these
joints are noteworthy. Unlike traditional rigid robotic joints,
human joints demonstrate both damping and elastic properties,
offering variable stiffness. A notable feature of these biological
joints is their ability to dislocate under extreme forces, akin to an
orthopaedic surgeon’s treatment approach, followed by a natural
self-recovery process. This characteristic can be used to leverage
robot design, allowing for controlled dislocation followed by
straightforward “resetting”, thus enhancing operational safety
and reducing the need for external repairs.

Consequently, many researchers have developed biomimetic
designs that emulate the human structure [10], [11], [12], [13],
[14], [15], [16]. These designs often utilize conventional hinge
and ball-and-socket joints to mirror the functionality of the
human forearm, enabling the radius to rotate around the ulna.
Despite their biological inspiration, many of these systems rely
heavily on rigid architectures to simulate articulated joints,
thereby achieving humanoid motions.

Some designs in this domain have incorporated a tendon-
driven approach, akin to the biological arm, which uses the phys-
ical properties of tendons to replicate the natural compliance
and dynamics found in musculoskeletal systems. In addition,
certain designs have achieved appearances closely resembling
a biological arm. Nonetheless, despite their effectiveness in
replicating basic human forearm and elbow functionalities and
addressing conventional design limitations, such as compactness
and mobility, with notable examples presented in [11] even
simulating human ligaments for enhanced safety, these designs

often inadequately utilize the inherent structural advantages of
human anatomy.

A major shortfall in these designs is the insufficient represen-
tation of soft tissues, which are crucial for structural stability and
smooth joint operation. Lacking comprehensive soft tissue rep-
resentation can lead to issues like lateral forearm instability or in-
creased joint friction under heavy loads. Integrating soft tissues
in robotic design can significantly improve the load-carrying
capacity, impedance, and compliance of the joints, while also
providing adaptable constraints at extreme joint positions. The
inclusion of soft tissues allows for a degree of recovery in joints
when subjected to extreme external forces, markedly increasing
the safety in human–robot interactions. Furthermore, soft tissues
introduce damping to the robotic system, which helps mitigate
oscillations during mechanical movements.

This study delves into the mechanics of the human forearm
and elbow, examining the interplay of the humerus, ulna, and
radius in achieving extensive motion range, while ensuring axial
and lateral strength, compactness, and stability. These anatom-
ical insights inform the development of a biomimetic robot.
Central to this endeavor is the implementation of a biomimetic
actuation approach, designed to ascertain if a human-like ac-
tuation can enhance joint functionality while maintaining the
robot’s compact structure. The research critically evaluates the
efficacy of this approach, probing whether the integration of such
anatomical features can refine the robot’s design and resolve key
challenges, thereby advancing the field of biomimetic robotics.

II. RELATED WORK

A. Anatomy Study of Biological Elbow and Forearm

Our investigation begins with a comprehensive examination
of the anatomical structure of the human elbow and forearm.

The elbow joint, an essential part of the upper extremity,
plays two primary roles in human biomechanics. Functioning
as a hinge joint, it enables forearm flexion and extension around
the humerus, crucial for diverse activities, such as feeding and
reaching [see Fig. 1(a)]. Concurrently, it operates as a rotational
joint in sync with the radioulnar joints, facilitating forearm
supination and pronation essential for torque generation in tasks
like screwing. The rotation of the radius around the fixed ulna
allows the elbow to operate efficiently in narrow spaces and
produce omnidirectional torques.

Anatomically, the elbow includes the humeroulnar joint,
a hinge joint between the humerus and ulna with a flex-
ion/extension range from 0� to 146� [see Fig. 1(a)], and the
humeroradial joint, a ball-and-socket joint between the humerus
and radius, allowing both flexion/extension and rotation [see
Fig. 1(b)]. The forearm consists of the proximal radioulnar joint
(PRUJ) and the distal radioulnar joint (DRUJ), situated at the
upper and lower ends of the ulna and radius, respectively [see
Fig. 2(b) and (d)]. These joints enable pronation and supination
around an axis extending from the radial head’s center to the
distal ulna head [17], depicted by a red line in Fig. 2(b). This
configuration facilitates the radial head’s pivotal motion on the
ulna and the distal radius’s glide around the stationary ulna.
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Fig. 1. Bones and soft tissues in the elbow joint. (a) MCL. (b) LCL and the
annular ligament [17].

Fig. 2. (a) IOM schematic [18]. (b) Insertion points of IOM bundles on ulna
and radius, aligned with forearm rotation axis. (c) Structure of the TFCC at the
DRUJ [19]. (d) Anatomy of the DRUJ.

Primary stability of the humeroulnar joint is ensured by two
collateral ligaments of the elbow: the medial collateral ligament
(MCL) and the lateral collateral ligament (LCL). The MCL, a
critical element in maintaining elbow joint stability, comprises
three primary components: anterior, posterior, and transverse
bundles, as shown in Fig. 1(a). The anterior and posterior bundles
do not originate directly from the elbow rotation axis, causing
variable ligament tension during flexion and extension. Specif-
ically, the anterior bundle experiences tension during elbow
extension, while the posterior bundle is tensioned during flex-
ion [20]. The LCL complex, another pivotal stabilizer of the el-
bow joint, is illustrated in Fig. 1(b), constituting the lateral ulnar
collateral ligament (LUCL), radial collateral ligament (RCL),

Fig. 3. (a) Compression force applied on the hand is transmitted mainly
through the wrist to the radius. (b) Distal-directed force is applied on the hand,
predominantly through the radius. [17].

and the annular ligament, the LCL complex maintains consistent
tension through the elbow’s motion, given the central origin of
the LUCL and RCL in relation to elbow flexion/extension [21].
The annular ligament encapsulates the radial head and is an-
chored to the ulna, with the RCL’s connection to the annular
ligament providing further stabilization to the radial head [22].

The interosseous membrane (IOM) plays a crucial role in
connecting the ulna and radius throughout the length of the
forearm [see Fig. 2(a) and (b)] [17]. It is made up of three
main parts: the distal membranous portion (DOB), the middle
portion, and the proximal portion. The middle portion (includes
dorsal oblique accessory cord (DOAC) and proximal oblique
cord (POC)) can be further divided into the central band (CB)
and the accessory band (AB). The IOM performs several critical
functions. First, it acts as a pivot for forearm rotation and
connects the radius to the ulna. Second, it improves the stability
of the DRUJ [23], [24], [25], ensuring longitudinal stability for
the forearm. Most importantly, research has indicated that the
IOM can be viewed as a load transfer system that distributes
the load from the radius to the ulna [17]. Approximately 80%
of the compression force crossing the wrist is directed through
the radiocarpal joint [see Fig. 2(a)], with the remaining 20%
crossing the distal side of the wrist via the soft tissues in the
“ulnocarpal space” [26]. As shown in Fig. 3(a), the compression
force acting on the radius from the wrist can be distributed to
the ulna via the IOM, which helps reduce the load on the radial
head and stabilizes the forearm against radioulnar bowing or
splaying by drawing the ulna and radius toward the interosseous
space. Similarly, As shown in Fig. 3(b), when a distracting
force is applied to the distal radius from the wrist, this force
tightens the fibres of the IOM, transferring the load to the ulna
and limiting the load transferred to the proximal radius to be
distributed across its limited articular surface area. As a result,
IOM distributes the axial force from the radius to the ulna,
and effectively disperses it across multiple joints (including the
DRUJ, PRUJ, and humeroulnar joint), instead of transferring it
directly to the humeroradial joint. This mechanism helps prevent
dislocation or excessive stress in the humeroradial joint.
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Fig. 4. Design of the proposed robotic system (physical prototype and CAD drawing of the prototype’s design). (a) Front view of the forearm physical prototype.
(b) TFCC structure. (c) Side view of the elbow, indicating the LCL (includes RCL and LUCL) and annular ligament. (d) Front view of the elbow, indicating the
MCL, LCL, and annular ligament. (e) Side view of the elbow, indicating the MCL.

TABLE I
PERFORMANCE OF BIOLOGICAL ELBOW AND FOREARM [30]

The DRUJ is a critical component of the forearm and wrist,
and the triangular fibrocartilage complex (TFCC) plays a vital
role in its stability [see Fig. 2(c)] [27], [28]. Composed of the
palmar radioulnar ligament (PRUL), dorsal radioulnar ligament
(DRUL), and extensor carpi ulnaris (ECU) tendon, the TFCC
helps maintain the proper alignment and function of the joint.

B. Performance of the Biological Elbow and Forearm

The average percentage of total body weight and length of
forearm is 1.72% and 15.85% [29]. Table I presents the range of
motion and output torques of the biological joints. Taking into
account the dimensions and weight of the human arm, it becomes
evident that the human arm can be regarded as an impressively
powerful mechanism.

The aforementioned sections indicate that current robotic arm
designs have limitations, including the compromised safety of
rigid robotic arms and instability in highly biomimetic variants.
These issues are effectively resolved in the human arm, pro-
viding a blueprint for refining robotic arm design. Therefore,
the forthcoming section will center on replicating human arm
characteristics to enhance robotic arm performance.

III. BIOMIMETIC DESIGN OF THE

ELBOW-AND-FOREARM SYSTEM

The preceding section delineated the intricate structure and
properties of the human arm. This section will introduce a
novel, highly biomimetic robotic arm design, informed by the
comprehensive understanding of bones, ligaments, and other
soft tissues detailed earlier.

Fig. 5. (a) Radius head allows an effective distance between radius and ulna.
(b) Curved radius avoids interaction between the radius and ulna during forearm
rotation. (c) Ulna is curved downwards near the elbow joint.

A. Design of the Skeletal Structure

In the proposed design, the elbow and forearm comprise the
humerus, ulna, and radius, as shown in Fig. 4(a). Each joint
within the skeletal structure is characterized by a thin layer of
cartilage coating the contact surface. In addition, the ligament
systems encompassing TFCC, IOM, LCL, MCL, and the annular
ligament are replicated within the robotic elbow and forearm.

The primary motion of the ulna is rotation around the
humerus, which can be simplified to a hinge joint. The humer-
oulnar joint can achieve sufficient lateral and axial stability by
relying on the MCL, LCL, and olecranon process. The radius
can rotate relative to the humerus and rotate around the fixed
ulna around the axis [shown in red in Fig. 5(b)] to achieve
forearm rotation. Their unique geometry enables a wide range
of motion in forearm rotation. The distal radial head, shown in
red in Fig. 5(a), maintains an effective distance between the
radius and ulna, preventing interference and maximizing the
range of motion [see Fig. 5(b)]. This increased distance also
enhances output torque during forearm rotation. The curved
middle portion of the radius [see Fig. 5(b)] and the downward
curve of the ulna near the elbow joint [see Fig. 5(c)] create space
between them and the rotation axis (dashed red line), allowing
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