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Abstract— The robotic dexterous hand is responsible for
both grasping and dexterous manipulation. The number of
motors directly influences both the dexterity and the cost of
such systems. In this paper, we present MuxHand, a robotic
hand that employs a time-division multiplexing motor (TDMM)
mechanism. This system allows 9 cables to be independently
controlled by just 4 motors, significantly reducing cost while
maintaining high dexterity. To enhance stability and smoothness
during grasping and manipulation tasks, we have integrated
magnetic joints into the three 3D-printed fingers. These joints
offer superior impact resistance and self-resetting capabilities.
We conduct a series of experiments to evaluate the grasping and
manipulation performance of MuxHand. The results demon-
strate that the TDMM mechanism can precisely control each
cable connected to the finger joints, enabling robust grasping
and dexterous manipulation. Furthermore, the fingertip load
capacity reached 1.0 kg, and the magnetic joints effectively
absorbed impact and corrected misalignments without damage.

I. INTRODUCTION

The robotic hand, as a general end-effector for humanoid
robots, performs both grasping [1], [2] and dexterous ma-
nipulation tasks [3]. Numerous advanced dexterous hands
have been developed, such as the DLR/HIT Hand [4], the
ILDA Hand [5], the RoboRay Hand [6], and others [7]–[9].
These hands generally have a high degree of freedom (DOF),
however, an increased DOF often requires more motors,
which results in a larger size and higher cost.

An alternative approach involves the use of underactu-
ated mechanisms. The concept of utilizing fewer motors
to achieve greater dexterity in robotic hands has gained
significant attention in recent years [10]. Due to the reduced
number of motors, these systems are generally more com-
pact. Furthermore, underactuated mechanisms enable robust
grasping of objects with unknown or irregular shapes [10]–
[13]. However, a major limitation of such systems is that,
with a reduced number of DOF, individual joint control is
not possible, making dexterous manipulation challenging.
Therefore, the dexterity of robotic hands is often proportional
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Fig. 1. MuxHand, a cable-driven dexterous robotic hand
using time-division multiplexing motors. (a) MuxHand pro-
totype. (b) Simplified system schematic.

to the number of motors. Ideally, the number of motors
should match the DOF of the hand [14], [15]. However,
motors are usually the most expensive and space-consuming
components, making it a significant challenge to drive a
robotic hand with a minimal number of motors while main-
taining sufficient dexterity.

While underactuated mechanisms reduce the size and cost
of dexterous hands, independently controlling each joint
remains essential. Kontoudis et al. [16] and Baril et al.
[17] introduce mechanisms that utilizes mechanical selectors
to connect or disconnect a motor from a specific cable,
but they rely on manual button activation, limiting their
applicability. Kim et al. proposed a switchable cable-driven
(SCD) mechanism that uses multiple electrostatic clutches
to individually control several cables with a single motor.
However, the friction force of these electrostatic clutches is
insufficient to hold cables under high tension, and the system
required significant space.

To overcome these limitations, we developed a novel
mechanism for switching cable-driven actuation. This design
uses a small number of motors to dynamically switch output
positions at different times, enabling individual control of
specific cables while minimizing size and maintaining dex-
terity. In this paper, we present MuxHand, a robotic hand
that utilizes the time-division multiplexing motor (TDMM)
mechanism to control the 9 DOF of its three fingers with
just 4 motors. MuxHand is composed of a compact drive
box and a cable-driven finger module. The compact drive
box, designed based on the TDMM mechanism, integrates
4 motors, a gear drive module, an electromagnetic coil
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Fig. 2. Drive box structure. (a) Exploeded view of the drive box. (b) Slip ring structure. (c) Structure of the magnetic encoder
groups. (d) Schematic and structure of the encoder. (e) Pathway for power and data transmission.

module, a worm and worm wheel module, and six printed
circuit boards (PCB). These components are highly inte-
grated within the drive box to maintain a minimal footprint.
The cable-driven finger module comprises three fingers, each
3D printed using photosensitive resin [18]. We embedded
magnets with specialized magnetization directions in each
finger joint, providing the fingers with exceptional impact
resistance and self-resetting capabilities.

The contributions of our work are as follows:
• We design a cable-driven robotic hand using a TDMM

mechanism, which controls 9 DOF with just 4 motors,
reducing cost and size.

• We design a cable-driven finger with magnetic joints
that provide impact resistance and self-resetting capa-
bilities, enabling robust grasping and dexterous manip-
ulation.

• We validate MuxHand’s performance through experi-
ments in grasping, dexterous manipulation, and finger-
tip load tests, demonstrating the effectiveness of the
TDMM mechanism and magnetic joints.

II. MECHANICAL DESIGN

In this section, we will describe the structure of MuxHand
and provide a detailed explanation of the TDMM mechanism.
MuxHand consists of two primary components: a compact
drive box (Fig. 2), which utilizes the TDMM mechanism,
and a cable-driven finger module (Fig. 5), featuring a fully
decoupled joint structure.

A. Drive Box Design
To effectively control MuxHand, we develope a drive box

based on the TDMM mechanism, utilizing four Brushless Di-

rect Current (BLDC) motors to individually drive nine cables
connected to the finger joints. The drive box measures 200
mm in height and 120 mm in diameter. To achieve a more
compact structure, six highly integrated PCB are designed,
as shown in Fig. 2(a). These include the main control board
(MCB), slip ring spring board (SRSB), conductive slip ring
(CSR), electromagnetic coil module board (ECMB), encoder
main board (EMB), and encoder board (ECB).

The MCB manages the entire hardware system, handling
communication with other boards and sensors, as well as
task planning and power conversion. It supports up to 60V
direct current input and uses the STM32F446-RET6 Micro-
controller Unit (MCU) with a 180MHz frequency. To prevent
the wires supplying power and communication signals to the
BLDC motor module from tangling due to spindle rotation,
a conductive slip ring structure is designed (Fig. 2(b)).
This ensures uninterrupted power and communication to the
BLDC motor module.

To implement the TDMM mechanism, we develope a
system to control the shaft torque output at different times.
This system includes an electromagnetic coil module and
a shaft module equipped with magnets. The shaft module
consists of 9 individual shafts, with a single shaft structure
shown in Fig. 4(b).

To accurately measure the angle of each finger joint, we
design a compact magnetic encoder structure. As shown in
Fig. 2(d), the schematic illustrates the magnetic encoder. We
use the AS5047P magnetic encoder chip, which offers a 14-
bit resolution with a range from 0 to 16,383. To capture
the joint angles, a radially magnetized magnet is mounted
on the shafts of the worm wheel, and an encoder control
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Fig. 3. TDMM mechanism and transmission mechanism. (a) Operating positions of the BLDC motor group at different
times. Different colors represent individual motors, with varying shades of the same color indicating the motor positions at
different time points. (b) Maximum allowable angular error between the slot and plug. (c) BLDC motor group reaching the
target position. (d) Torque transmission path of the BLDC motor.

board (ECB) is designed to integrate these components. Since
MuxHand has three fingers with a total of 9 DOF, nine sets of
this magnetic encoder structure are required. The structure
of the magnetic encoder arrays is shown in Fig. 2(c). All
encoder boards are connected to the encoder main board
(EMB) in Fig. 2(a) using 0.5 mm pitch FPC cables [19]. Each
ECB communicates with the EMB via the Serial Peripheral
Interface (SPI) protocol at a baud rate of 9.0 Mbits/s. Once
the EMB collects the angle data, its MCU transmits the data
to the CAN bus [20], which operates at a baud rate of 1
Mbits/s.

Additionally, we consider power supply and data transmis-
sion challenges due to the limited space inside MuxHand.
Arranging separate power and communication cables for
each PCB can lead to tangled wires during operation, causing
instability. As illustrated in Fig. 2(e), the power supply and
data transmission path is designed to address this issue.
To simplify the design, we utilize ten copper columns as
pathways for power and data, while also serving as sup-
porting structures. The colored blocks in Fig. 2(e) represent
the function of each copper column. The red, blue, green,
pink, and black columns represent the 24V power supply,
CAN-L transmission path, CAN-H transmission path, 5V
power supply, and power ground (PGND), respectively. Due
to space constraints, a DC-DC converter for supplying 3.3V
to the MCU could not be embedded in the electromagnetic
coil module. To resolve this, we use a pogo pin [21] (A
small spring-loaded connector commonly found in electronic
devices) to transfer 3.3V power between the electromagnetic
coil module and the EMB. The red line in Fig. 2(e) indicates
the corresponding position of the pogo pin.

B. TDMM Mechanism And Transmission Mechanism

The principle of the TDMM mechanism we propose is
similar to that of gear shifting. It consists of a BLDC motor
group, a spindle motor (HTM-4538-20-NE), a shaft module,
and an electromagnetic coil module. The spindle motor

rotates the BLDC motor group to different positions, as
shown in Fig. 3(a), which illustrates the BLDC motor group’s
state. The BLDC motor group includes Motor 1, Motor 2,
and Motor 3. In Fig. 3(a), different colors represent different
motors, and varying shades of the same color indicate the
positions of each motor at different times.

Initially, when no current flows through the electromag-
netic coil, the iron core is not magnetized but still attracts
the plug, which has a magnet attached to it. The left part of
Fig. 4(b) illustrates this state. Once the BLDC motor group
reaches the target position, as shown in Fig. 3(c), the electro-
magnetic coil at this position is energized in a fixed direction,
causing the iron core to become magnetized. According to
the right-hand rule, the magnetic polarity of the iron core
is determined. Since the plug has an attached magnet, it is
lifted by the repulsion force from the magnetized iron core,
aligning the gear component with the motor output slot, the
right part of Fig. 4(b) shown this process. Consequently, as
shown in Fig. 3(d), which depicts the torque transmission
path of a single motor, the torque output by the BLDC
motor group is transmitted through the gear drive module
and the worm and worm wheel module, ultimately reaching
the winding wheel.

During this process, although we use closed-loop speed
and position control to drive the spindle motor to different
positions, there is inevitably some mechanical error between
the torque transmission slots and plugs. As shown in Fig.
3(b), after the plug is lifted into the slot, the maximum error
between the slot and plug is approximately 10°. However,
this 10° error occurs at the driving motor, and when trans-
lated to the winding wheel, it must be adjusted through the
reduction gears. Fig. 4(a) presents a simplified schematic of
the transmission mechanism, where the arrows indicate the
direction of gear movements. Based on this schematic, we
can calculate the transmission ratio k:

k =
Z2 · Z4

Z1 · Z3
. (1)
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Fig. 4. Simplified schematic of gear transmission and plug
movement. (a) Gear transmission. The color of the gears
corresponds to the color coding of the number of gear teeth.
(b) Schematic of plug movement. S and N represent the south
and north poles of the magnet, respectively, and I represents
the direction of the current.

where Z1, Z2, Z3 and Z4 represent the number of teeth
on each gear, with the gear colors corresponding to the color
coding for the number of teeth. The final calculated reduction
ratio is 33.33, which results in a maximum error of only 0.30°
when apply to the winding wheel.

C. Finger Module Design

To enhance the dexterity of MuxHand, we design fingers
with fully decoupled joints, ensuring that the movement
of one joint does not affect the others [22]. MuxHand
comprises three identical fingers, each with 4 degrees of
freedom (DOF), as shown in Fig. 5(f). Of these DOF, three
are actively controlled, while the remaining one is coupled
with the Proximal Interphalangeal (PIP) joints. The entire
finger is 3D printed using photosensitive resin material,
and each finger’s joints are cable-driven. To reduce weight
while maintaining strength, the fingers feature a hollowed-
out structure. In a cable-driven system, minimizing friction
between the cable and its constraints is crucial for improving
transmission efficiency and output force [23]. To address this,
we installed polytetrafluoroethylene (PTFE) tubing at key
positions, which has a very low coefficient of friction [24].

The finger consists of three types of cables: coupling
cables (Fig. 5(a)), constraint cables (Fig. 5(b)), and drive
cables (Fig. 5(c)). Fig. 5(d) illustrates the positioning of all
the cables within the finger. The coupling cables allow the
Distal Interphalangeal (DIP) joint to rotate synchronously
with the PIP joint at a specific ratio, mimicking the move-
ment of a human finger. Constraint cables are used to restrict
and connect the various finger joints, while drive cables
are used to actuate the joints. Since all drive cables must
pass through the MetaCarpoPhalangeal (MCP) roll joint, it
is crucial to ensure that there is no interference between the
cables during finger joint movements and no coupling effects
between the drive joints. Therefore, the cable routing needs
to be decoupled. Fig. 6(e) shows the decoupled routing path

( a ) ( b ) ( c ) ( d ) ( e )

( f )( g )

Distal phalanges

Intermediate phalanges

Proximal phalanges

Metacarpals

Fig. 5. Structure of the finger. (a) DIP joint and PIP joint
coupling cable. (b) Constraint cables between the joints of
each finger. (c) The orange cable represents the PIP joint
drive, yellow is for the MCP pitch joint drive, and green is
for the MCP roll joint drive. (d) Overall cable routing. (e)
Decoupling principle of the drive cable at the MCP joint. (f)
Magnet arrangement in each finger joint. (g) Magnetic pole
distribution is displayed using a magnetic field viewing card.

of the drive cables: the orange cable represents the PIP joint
drive cable, the yellow cable represents the MCP pitch joint
drive cable, and the green cable represents the MCP roll joint
drive cable.

Fig. 6(b) illustrates the schematic of the coupling relation-
ship between the DIP joint and PIP joint, where the r1 and
r2 are the radii of the rolling joints of the DIP joint and PIP
joint, respectively, and the r3 is the radius of the winding
wheel. The yellow line in Fig. 6(b) is the drive cable for the
PIP joint. The change in length of this cable caused by the
winding wheel is denoted as ∆x2. When the winding wheel
rotates by an angle φ1, ∆x2 is given by:

∆x2 = φ · r3. (2)

Since the PIP drive cable is fixed in the intermediate pha-
langes and is constrained to be tangent to the rolling joint
surface of the proximal phalanges, the rotation angle of the
PIP joint θ2 can be derived from geometric relationships as:

θ2 = 2α2. (3)

Here, l2 can be determined as:

l2 =
√
r22 + (2r2 −∆x2)2, (4)

where α2 is the angle of rotation of the virtual link of the
proximal phalanges relative to the PIP joint, given by:

α2 = arcsin(
5r22 − l22
4r22

). (5)
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Fig. 6. The relationship between the winding wheel and each
joint. (a) The relationship between the rotation angle of the
winding wheel and the MCP roll joint. (b) The relationship
between the rotation angle of the winding wheel and the
movement angles of the DIP, PIP, and MCP pitch joints. (c)
The relationship between θ1, θ2, θ3, and φ1 is determined
and fitted using a linear regression equation. Where the θ3
is the angle of the MCP pitch joint. (d) The relationship
between φ3 and φ2.

Substituting l2 into this with (4),

θ2 = 2α2 = 2arcsin[
∆x2

r2
− (

∆x2

2r2
)2], (6)

with θ2, the change in length of the coupling cable ∆x1, as
shown in Fig. 7(a), can be calculated. This change determines
the rotation angle of the DIP joint:

∆x1 = 2l2 sin(α2). (7)

Using a similar method, the rotation angle of the DIP joint
θ1 can be calculated as:

θ1 = 2α1 = 2arcsin[
∆x1

r1
− (

∆x1

2r1
)2]. (8)

The calculation method for the MCP pitch joint is similar
to that for the PIP joint. As illustrated in Fig. 6(c), the
figure shows the relationship between the rotation angle of
the winding wheel and the DIP, PIP, and MCP pitch joints.
And we use linear regression equations to fit the relation-
ship, which shows that there is a certain linear relationship
between the rotation angles of the DIP and PIP joints and the
winding wheel. This ensures smooth operation of the finger
joints.

The calculation method for the MCP roll joint’s rotation
angle relative to the winding wheel’s rotation angle differs
slightly from that of the other joints. As shown in Fig.
6(a), when the winding wheel rotates by a certain angle,
the MCP roll joint experiences the same arc length displace-
ment, resembling the motion of a pair of gears. Therefore,
without accounting for cable tension, this motion follows
a completely linear relationship. Fig. 6(d) illustrates the
relationship between the winding wheel’s rotation and the
MCP roll joint.

To provide a reset torque for each joint and ensure stability
between connections, we do not to use springs as the

reset mechanism. Instead, we employ a specialized radially
magnetized magnet in each joint. Fig. 5(g) illustrates the
magnetic field distribution of the magnet, which extends
radially along the cylinder. Unlike springs, these magnets
do not take up additional space and are not prone to fatigue
from prolonged or repeated use, significantly enhancing the
durability of the finger joints. Furthermore, the radial mag-
netization allows the magnets to withstand certainly impacts
and misalignment without damage, while enabling automatic
resetting once external forces are removed. Fig. 5(f) shows
the arrangement of the magnets, with red indicating the north
pole and blue the south pole.

III. EXPERIMENTS AND RESULTS

In this section, we conduct grasping and in-hand manip-
ulation experiments to demonstrate the MuxHand’s perfor-
mance. Additionally, we conduct experiments to verify the
fingertip’s load capacity and the joints’ self-resetting ability
when subjected to external forces. Table I presents the overall
parameters of the MuxHand.

TABLE I: MuxHand Overall Performance Parameters

Items Parameters

Weight 2.6 kg

Dimension (H × L × W) 264mm × 120mm × 120 mm

Fingertip load 1.0 kg

Type of coupling mechanisms Gears, worm gears, and cable drive

Cable material 0.6 mm diameter PE cable

Finger material Photosensitive resin

Motors
BLDC motor (0.4 Nm) × 3
Spindle motor (1 Nm) × 1

Electronics
STM32F446RET6 × 1
STM32F103CBT6 × 2

Communication protocol CAN (1Mbits/s)

Maximum Input Voltage 60 Volt

Maximum Power 240 Watt

A. Grasping Experiments

The first experiment focus on the MuxHand’s ability to
grasp objects. We select various objects from the YCB object
set [25] and common objects in daily life. The YCB object
set is a widely recognized benchmark dataset for evaluat-
ing robotic grasping, manipulation, and object recognition.
Twelve objects are tested, as shown in Fig. 7, including a
cracker box, foam brick, USB hub, can of chips, apple, metal
mug, thermometer, plastic wine glass, lighter, dice, mustard
container, and ice-cream stick, with their respective labels in
Fig. 7(a)–(l).

Due to the MuxHand’s 3 DoF per finger, it is capable of
grasping objects in a variety of ways. The MuxHand can use
two fingers to pinch objects or employ three fingers to clip or
wrap them. For tiny objects that cannot be enveloped in the
hand’s palm, the MCP roll joints of two fingers move toward
each other in opposite directions, allowing the fingertips to
precisely aim at the object. When grasping longer objects
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Fig. 7. Grasping and dexterous manipulation experiments. (a)–(l) are the objects selected for grasping experiments : a cracker
box, foam brick, USB hub, can of chips, apple, metal mug, thermometer, plastic wine glass, lighter, dice, mustard container,
and ice-cream stick. (m) The hand rolls a disc. (n) The hand uses a pair of scissors to cut a sheet of paper. (o) The hand
rotates a ring to a specific angle.

like ice-cream sticks, a three-finger method ensures stability.
For heavier and larger objects, an enveloping grasp can be
used, where the fingers and palm enclose the entire object
to ensure a stable hold. This flexibility in grasping strategies
highlights the MuxHand’s adaptability to a wide range of
object sizes, shapes, and weights.

B. Dexterous Manipulation Experiments

Beyond grasping, dexterous manipulation is crucial for
dexterous hand. We conduct several experiments to vali-
date the MuxHand’s dexterous manipulation capabilities. As
shown in Fig. 7(m)-(o), the objects used for these experi-
ments include a disc, a pair of scissors, and a ring.

In Fig. 7(m), the MuxHand uses its fingertip to press
on a disc, rolling it back and forth within the palm. This
demonstrates the hand’s ability to finely adjust an object
while maintaining continuous contact and control. In the
second experiment, shown in Fig. 7(n), the MuxHand uses
a pair of scissors from the YCB object set to cut a sheet
of paper. Mimicking human scissor usage, the scissors are
mounted on the PIP joint. The MuxHand first grasps the
scissors, then rotates the MCP roll joint to open and close
them. The final experiment, shown in Fig. 7(o), involves the
MuxHand grasping a ring with its fingertips and rotating
it to a specific angle. This demonstrates precise rotational
manipulation.

C. Fingertip load Experiments

Additionally, we perform load experiments to evaluate the
fingertip load capacity of the MuxHand. In tests, as shown
in Fig. 8(a) and (b), we incrementally add a 500 g standard
weight block to the fingertip of a single finger. The results
show that the fingertip load capacity reached 1.0 kg. In
addition, we apply external forces to the finger joints to
deliberately cause joint misalignment. After removing the
external forces, the fingers automatically reset to their initial
positions due to the attraction of the radially magnetized
magnets, as shown in Fig. 8(c). This experiment highlights

( a ) ( b )

( c )

Fig. 8. Fingertip load experiments. (a) Fingertip load of 500
g. (b) Fingertip load of 1.0 kg. (c) External forces are applied
to the finger joints, and after removing the forces, the joints
automatically reset to their original positions.

the MuxHand’s self-resetting ability, ensuring stability and
robustness even after experiencing external disturbances.

IV. CONCLUSION

In this paper, we presented a cable-driven robotic hand
named MuxHand, which utilizes the TDMM mechanism that
we proposed. The TDMM mechanism enables the MuxHand
to control 9 DOF across its three fingers using only 4 motors,
greatly reducing both the system’s volume and cost. A
series of experiments were conducted to validate MuxHand’s
performance. The results shown that, through the TDMM
mechanism and decoupled magnetic joints, the MuxHand
achieves robust grasping and dexterous manipulation, with a
fingertip load capacity of up to 1.0 kg. The magnetic joints
further enhance durability, allowing the fingers to withstand
external forces and impacts without damage. In future work,
we plan to improve the stability and grasping speed of
the MuxHand, further enhancing its grasping and dexterous
manipulation capabilities.
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