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Control System Development for a Novel
Wire-Driven Hyper-Redundant

Chain Robot, 3D-Trunk
KeJun Ning and Florentin Wörgötter

Abstract—This paper presents the control system for our novel
hyper-redundant chain robot system “3D-Trunk” demonstrating
an operational principle that is much different from traditional
solutions. Its main features are that all the joints are passive, state
controllable and share common inputs introduced by wire-driven
control. For this unique design, a force-oriented method is em-
ployed to control the driving wires. The mechanical analysis, as
well as an analysis of the differential driven mechanism of this
design is formulated. The design of a novel wire tension state sens-
ing component and its operation are also described. The system is
controlled by distributed embedded controllers. The actuators’ co-
ordination mechanism and the bang–bang controller-based closed-
loop control implementation of this novel prototype are discussed
from a mechatronic system level. Thus, this paper, together with a
predecessor [1], presents all required details allowing for building
and controlling 3D-Trunk.

Index Terms—Embedded system, hyper-redundant robot,
robotics, wire-driven control.

I. INTRODUCTION

A TRADITIONAL hyper-redundant chain robot (HRCR) is
a serial manipulator that possesses more joints than the

required degrees of freedom (DOFs). Generally, such structures
achieve an increased level of dexterity [2], [3].

Constructing HRCR systems is difficult because tradeoffs be-
tween different restrictions have to be considered [4], concern-
ing mechanical and electronic aspects. Being congruent with
common open-chain schematics, the most popular approach to
build an HRCR is by connecting several rigid links via an ac-
tuated revolute joint in a chain [1], [4]. Development of control
system for such HRCR system is also an important concern.
Generally, distributed control architecture and kinds of serial
communication technologies are employed.
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As compared to traditional mechanical actuation approaches,
wire-driven (cable-driven and wire-actuated) systems offer an
alternative by utilizing an actuated windlass to pull a wire for
pulling an object or driving the joints of the machine. By this,
wire-driven solutions can fulfill some special application re-
quirements (compact size, light-weight, and easy to implement
and maintain). But such systems also have certain drawbacks,
e.g., limited positioning/driving accuracy and stiffness. In spite
of this, their applications are nonetheless manifold, and we can
use wire-driven mechanisms to create various compact and inge-
nious designs. Accordingly, several wire-driven robotic systems
have been reported so far in the literature (e.g., [1], [5]–[26]), on
parallel kinematics mechanisms (PKMs) [9]–[19], HRCRs [1],
[7], [8], [20]–[23], robotic hands (e.g., [24]–[27]), and general
nonredundant serial manipulators [28].

Depending on the working principle of a wire-driven robotic
system, different control solutions are employed. For wire-
driven PKMs, wires have been utilized instead of rigid links
and/or joints, and the end-effector (movable platform) is con-
trolled by the length of each wire [9], [15]. For wire-driven serial
robots, actuated wires are used to drive the joints like tendons
or muscles. Different from using wires to drive rigid links of
a robotic system (hand, manipulator, etc.), the work presented
in [7], [8], and [28] uses wires to drive many elastic links for
some special purposes. Since thin wires are easy to route, such a
serial robot may have more DOFs contained in a compact con-
figuration. Furthermore, several interesting and original HRCR
designs exist [5]–[8], which offer new concepts for driving long
chains by fewer actuators thereby limiting the weight and size
of the systems.

These original wire-driven designs and solutions [1], [7], [8],
[20]–[23] are all trying to implement complex chain robots by
overcoming size and weight restrictions. At the same time, how-
ever, manipulation abilities or dexterousness might be partially
sacrificed or restricted. This is due to the fact that some de-
gree of coupling exists in these designs for sharing the input
power [7], [8], [22].

In [1] and [5], we presented a novel concept for building an
HRCR, and the implemented prototype system, 3D-Trunk, was
used to introduce a new design paradigm. Its basic mechani-
cal design issues and the computational model (kinematics and
dynamics) are described in [1]. Different to the design shown
in [7], [8], [22], and [28], all joints of 3D-Trunk are fully de-
coupled and independently controllable [1].

In this paper, we formulate this novel design’s wire-driven
principle and focus on the control system development for
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the original platform disclosing all corresponding technical
solutions.

The remainder of this paper is organized as follows. In
Section II, an overview of the design is given. The concept
and some key components of 3D-Trunk are shown. The princi-
ple of a novel wire state sensing mechanism is also provided.
Section III describes the closed-loop wire-driven control of this
new HRCR. A bang–bang controller is employed to control the
driving wires. Subsequently, the system-level design and wire-
driven considerations as well as the solutions are discussed.
In Section IV, we disclose the key issues on the distributed
embedded control systems development for 3D-Trunk. Exper-
imental results of this prototype are provided in Section V. Fi-
nally, conclusions are presented in Section VI. In the Appendix,
Section VII, we analyze and formalize the underlying mecha-
nisms and provide details of the differential driven principle of
this design. The control issues discussed in the main parts of the
text are based on this.

II. OVERVIEW OF 3D-TRUNK’S DESIGN

One motivation of this paper is to present novel design con-
cepts/solutions to construct a complicated motion machine own-
ing many DOFs with few actuators. In this section, we give an
overview of the novel HRCR’s mechanical design. This back-
ground information is the foundation for the control system
development, described afterward.

The core concept of this new design is that all joints of
the HRCR are passive and state controllable and share com-
mon inputs introduced by wire-driven control, but they have
to work in an asynchronous mode [1]. Based on this concept,
the implementation is highly modular and scalable no matter
how many DOF are implemented. Fig. 1 shows our original
prototype system 3D-Trunk, which consists of a “Base_Unit”
and many identical modularized “Cube & Joint” segments. At
present, 3D-Trunk is an 8-DOF wire-driven system, powered by
four motors.

Fig. 2(a) shows 3D-Trunk’s driving chain design. The
Base_Unit is the key segment of the HRCR. As shown in Fig. 2,
on one end, it connects to the first cube by a controllable uni-
versal joint component (CUJC). On the other end, four reduced
motors are fixed for actuating the whole chain. There are four
wire tension state sensing components (WTSSCs) symmetri-
cally mounted on the four outer faces of the Base_Unit. The
WTSSC is important to this system’s wire-driven control (see
later).

For 3D-Trunk, the CUJC introduces joint state controllability;
and at any one moment in time, only a single unlocked joint
is differentially driven by a pair of driving wires. Due to the
unidirectional force from the wires, we need a pair of driving
wires to actuate one joint, similar to muscles and tendons. As
the joints are perpendicularly arranged in an alternating way
(see Fig. 2), two pairs of driving wires are enough to drive the
system.

Fig. 1. Original prototype, 3D-Trunk is an 8-DOF wire-driven system. All
electronic components and microcontrollers are embedded inside. CUJC is the
joint with state controllability. Cubes are used for positioning these CUJCs.

Fig. 2. 3D-Trunk’s mechanical design. This wire-driven system has state con-
trollable passive DOFs and shared driving, no matter how many DOF are im-
plemented. By unlocking any one joint, its joint angle can be actuated by a pair
of driving wires. (a) Driving chain design, as well as the Denavit–Hartenberg
(D–H) coordinate frames design. (b) Base_Cube, for housing four reduced mo-
tors and a four-way WTSSC. The WTSSC is the key component to sense the
driving wires’ states.

A. 3D-Trunk’s Controllable Joint Design

In this paragraph, we provide information on 3D-Trunk’s
unique joint design, CUJC. Each CUJC provides two indepen-
dent joint angle measurement and state control mechanisms. As
shown in Fig. 3, this compact design is based on a Hooke joint
(2-DOF). Here, a linear solenoid (pull type) driving mechanism
was employed to construct a compact binary-state clutch for
one DOF [1] and [5]. The moveable iron core of the solenoid
(see Solenoid_Actor in Fig. 3) is used to lock and unlock its
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Fig. 3. CUJC design for 3D-Trunk. One CUJC offers two independent and
state-controllable DOFs, with joint-angle measurement. This is another core
mechanical component of this novel system.

joint via a hole-array board (connected with the cube), which
provides arrayed holes to plug into. A potentiometer is used to
measure a joint’s absolute angle. A pair of gears is employed to
transmit motion and increase measurement resolution. The an-
gle feedback is not only used to measure the joint’s real rotation
to achieve closed-loop control but also to check the result of a
locking (plugging) action (see later).

B. 3D-Trunk’s Wire State Sensing Implementation

A central component of any wire-driven system is the tension
sensor needed to control the tension of the wires. This will be
introduced next and compared to other solutions. In [17], strain
gauges were mounted to an “E-”shaped frame for measuring
and deducing wire tension. A similar design is also discussed
in [29]. For a strain-gauge-based method, we have to assemble
and calibrate the sensors very carefully, and this solution is not
cheap and not good for measuring weak tension. Our solution is
new and different from this, with some specific characteristics
and a special operation method.

The principle of the WTSSC is explained in Fig. 4(a). For a
WTSSC, a rotatable rocker arm is pulled by a spring and triggers
a pair of microswitches. If the wire is too loose, the spring will
push the rocker arm to press the loose-side switch, whereas the
tense-side switch will be depressed and vice versa.

Fig. 4(b) shows the relation between the wire’s pulling force
and the rocker arm’s rotation angle β. Let us denote the angles
where the two states (loose and tense) are triggered as βL and
βT , respectively. Table I explains this design. Given that these
microswitches are pulled up by resistors, zero means that the
switch is pressed. The WTSSC is a discrete design, so in region
1 of Fig. 4(b), the wire is in an unmeasurable state. Once the
wire is too loose, it may hop out from its windlass. This is a
critical problem for this wire-driven system, due to the fact that
wires can only be pulled.

In spite of the fact that this WTSSC is only a three-state
discrete solution, we can also obtain a derivative, which provides
useful additional information, by a special operating method. As
shown in Fig. 4(b), if we control the wire to “drive” the WTSSC
to alternate between “1 0” and “1 1” rapidly, all the time, then
the tension of the wire will be close to FN L . The threshold FN L

needs a special driving method (dither-type tension control), and
it acts as a pretight force, which is important for the control of
our HRCR as will be discussed later.

Fig. 4. WTSSC design for 3D-Trunk. (a) Principle of the WTSSC. If the wire
is too loose, the spring will push the rocker arm to press the loose-side switch,
whereas the tense-side switch will be depressed and vice versa. This is a discrete
solution for deducing the pulling force of a wire with resilience capability.
(b) Relation between the wire pulling force and the rocker-arm’s rotation angle.
By a dither-type tension control, we can obtain a useful additional state, the
region 4. For regions 1–4, see Table I.

TABLE I
EXPLANATION OF THE WTSSC OUTPUT

By adjusting the related parameters shown in Fig. 4(b), e.g.,
LLoose and LTense , the spring’s elastic coefficient K, etc., we can
deduce and obtain suitable state-threshold definitions. Thus, this
way, we obtain a discrete solution for deducing the pulling force
of a wire with resilience capability.

In Fig. 4(a), if a rotation sensor was employed for measuring
the rocker arm’s rotation angle β, we could obtain more ac-
curate results, but would need more controller resources [e.g.,
analog/digital converter (ADC) port]. Instead, the solution pre-
sented in Fig. 4(a) is simple and very practical.
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Fig. 5. Closed-loop wire-driven control principle of 3D-Trunk. A distributed
control architecture is employed for this system. To complete closed-loop po-
sition control, the Base_Unit Controller needs to keep communicating with the
distributed controller for getting the current position of the controlled joint.
Using this it controls the motors to actuate the effective pair of driving wires.

Up to now, we presented the key mechanical component de-
sign of 3D-Trunk. This information is the basis for the following
control solutions.

III. CLOSED-LOOP WIRE-DRIVEN CONTROL PRINCIPLE

OF THE JOINTS

The previous section has introduced the key components of
3D-Trunk. In this section, we further discuss how to operate
these components and give solutions for controlling the system.

For 3D-Trunk, a distributed control architecture is employed.
Thus, to achieve coordinated movements of the HRCR, one
needs the distributed controllers to cooperate. As shown in
Fig. 5, to complete closed-loop position control, the Base_Unit
Controller needs to keep communicating with the distributed
controllers. This way, it gets the current position of the con-
trolled joint and controls the motors to actuate the effective pair
of driving wires, concurrently.

Please note, for the schematics shown in Fig. 5, calculating
the driving-wires’ length changes for controlling windlass ro-
tation is highly unpractical, as some special issues have to be
addressed. For example, the geometrical situations, which occur
during this HRCR’s spatial motion, bring wires’ length/tension
changes and need to be compensated. Such a calculation would
be further burdened by the wire’s elasticity and the distributed
frictions involved, as well as by the fact that the wrapped wire
leads to an effective variation of the diameter of the wind-
lass, etc. Therefore, for 3D-Trunk, we use a force-oriented
solution, which is based on the aspects described in Section
II and differential driven principle provided in the Appendix,
Section VII.

Furthermore, 3D-Trunk is relies on the concept of a “DOF
controllable and driving shared” solution [1], which is differ-
ent from the traditional joint driving ways. Thus, we need to
control a joint’s state, and at the same time, coordinate the driv-
ing wires to achieve closed-loop control at joint level, depicted
by the conceptual overview shown in Fig. 5. The whole se-
quence of operation steps to drive one joint can be summarized

Fig. 6. Implementation schematics of closed-loop wire-driven control of
3D-Trunk. The functional partitions of the embedded controllers and the con-
trol flow between the components are shown. The Base_Unit Controller receives
commands from an HMI, communicates with the distributed controllers, and
coordinates the motors to drive the HRCR. The distributed controllers control
the joints’ states and acquire the joints’ angles in real time.

as follows:
1) unlocking the joint that will be moved;
2) applying the wire-driven control strategy (bang–bang con-

trol, see later) on a pair of wires to pull the selected mobile
joint toward its target position;

3) applying a tension maintaining method (dither-type con-
trol, see later) to maintain the tensions in the remaining
wires;

4) locking the movable joint and stopping all motors, when
the moving joint is within a tolerance of the target position.

A more detailed implementation schematics is shown in
Fig. 6, which provides more information on the embedded con-
trollers’ functional partitions and the control flow between the
components mentioned earlier. Here, we need to give more ex-
planations about the implementation of the tension-maintaining
method and the employed wire-driven control strategy. The for-
mer is used to drive the noneffective pair; and the latter is in
charge of finishing the closed-loop wire-driven control at joint
level.

As mentioned in Section II-B, essentially, the WTSSC sup-
ports force-oriented control. The fourth state shown in Table I
[region 4, also in Fig. 4(b)] is an approach to obtain a semicon-
stant force (FN L ) by a dither-type tension control on the discrete
WTSSC design. Based on (9) (see Section VII, Appendix), this
FN L can be used to drive the negative side and the noneffective
pair wires. This is the easiest way to ensure the stability of this
wire-driven robot (overcoming the coupling problems of this
nonlinear system and the wire’s length change caused by its
elasticity) and to reduce the power dissipation. On an embedded
platform, we can implement this dither-type tension controller
easily, as shown in Fig. 7. In fact, this self-triggered routine is ro-
bust against disturbances and consumes only limited resources.

For 3D-Trunk, a bang–bang control-based solution is em-
ployed to construct the control strategy shown in Fig. 6, which
steers the effective pair wires to achieve positional closed-loop
control of an unlocked joint. The bang–bang mechanism is a
minimum time optimization feedback controller that switches
abruptly between two states and is robust against perturbations.
For this solution, there are several considerations that we have
taken into account. First, since the joints have discrete resolution
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Fig. 7. Self-triggered routine ensures that the driving wire maintains a weak
pretight state FN L . Implementing this dither-type control on a microcontroller
is computationally cheap and efficient. By adjusting the duty cycle, we can
change FN L to some degree [see Fig. 4(b)].

(see the hole-array board in Fig. 3), we can naturally and directly
define this as the error band parameter θerr , which serves as the
hysteresis of the bang–bang controller. Second, as shown in
Fig. 4 and Table I, once the WTSSC enters region 2 of Fig. 4(b),
this component will not limit the motor to provide strong enough
driving force for the unlocked joint. This means that we can im-
pose a strong enough force on the positive side wire. Third,
the bang–bang mechanism is easy to implement on a microcon-
troller. These aspects improve the feasibility of our design.

However, different from the traditional single-input and
single-output bang–bang controller, for the movable joint of 3D-
Trunk, the effective pair wires need to be driven synchronously.
Our solution, thus, combines ideas from finite-state machine
with the traditional bang–bang controller, shown in Fig. 8. In
this way, we can efficiently and transparently model our new
control strategy and assure all requirements of the wire-driven
characteristics of this HRCR.

As shown in Fig. 8(a), we use the driving wire’s “role” (the
role can be “positive-side wire,” “negative-side wire,” or “non-
effective pair”) as the input to the controllers of the motors.
By checking the real-time relation between |θid − θir | and θerr ,
all wire roles are determined (see Section VII, Appendix), and
then we can control the corresponding driving wires. Here, θid

is the given target joint angle, and θir is this joint’s present po-
sition, which can be obtained by accessing the corresponding
potentiometer (see Fig. 3).

Thus, as shown in Fig. 8(b), the input is the “role,” and
the results Fk , k = a, b, c, d, are approximately proportional
to the pulsewidth modulation (PWM) duty cycle for the four
motors. Please note to achieve the conditions listed in Fig. 8(b),
the dither-type controller discussed earlier has been employed
for getting FN L . Thus, during driving a joint, there are three
concurrent routines (shown in Fig. 7) required for accessing and
operating the WTSSCs.

So far, we have disclosed the key control components running
on the Base_Unit Controller shown in Fig. 5. And now, we can
go back to Fig. 6 and take a look at the control flow. In fact, Fig. 6
is the basis for the firmware development of all the distributed
microcontrollers.

As shown in Fig. 6, once 3D-Trunk receives a motor command
by the human–machine interface (HMI), it will understand it and
operate accordingly. For example, if joint i is required to go to a
desired angle θid , the system will finish the closed-loop control
by itself. To complete this task, the Base_Unit Controller needs
to tell the distributed controllers to unlock joint i and get the

Fig. 8. Bang–bang control-based solution for driving the driving wires. Here,
we use the driving wire’s “role” (i.e., “positive-side wire,” “negative-side wire,”
or “noneffective pair,” see Appendix) as the input of the motors’ controller.
This figure shows the core of the control strategy in Fig. 6. (a) Control state
mechanism design for actuating the driving wires. All the wires’ roles are
depending on the real-time relation between |θid − θir | and θerr . (b) Control
policy for the motors. Because the role of a driving wire is decided from (a), we
can control the corresponding motor’s PWM signal to adjust the driving tension.

real-time joint angle θir of joint i, then dynamically actuate the
driving wires according to the previous control strategy. These
dynamic processes will be repeated and the information has to
be updated in real time. Once the Base_Unit Controller finds the
updated joint angle within an acceptable position interval θerr ,
it will send a command to the distributed controller to lock joint
i immediately.

Fig. 9(a) further exhibits the coordination and control of these
actuators. The period from t1 to t2 is used for waiting for the
unlocking action. During t2 to t3 , the positive-side wire is con-
trolled to drive the joint to the desired position, and from t3
to t4 , all wires are self-adjusted to a pretight state [region 4 in
Fig. 4(b), and Table I].

Up to now, we have presented the concept of this novel HRCR
and disclosed all low-level control related components, as well
as the principle of closed-loop wire-driven control. The practical
implementation on the embedded controllers is discussed next.

IV. EMBEDDED CONTROL SYSTEMS OF 3D-TRUNK

The following section focuses on some technical details,
which are essential for building 3D-Trunk. Readers, who are
only interested in the general concept can probably skip this
section. Hence, we first describe the general hardware control
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Fig. 9. Explanation of the actuators’ (motors and addressed solenoid) coor-
dination and driving. Note, the amplitude of the signal does not correspond to
the duty cycle of the PWM signal; it just represents the active operating state.
(a) Coordination and driving signal design for wire-driven. (b) Coordination
and driving design for dealing with exceptional situations (see Appendix).

architecture of 3D-Trunk, which is modular and fully embedded
into the mechanical housings. This is followed by some tech-
nical details on the communication and the individual control
components.

A. Hardware Control Architecture of 3D-Trunk

The block diagram in Fig. 10 shows a detailed overview of
the hardware architecture of 3D-Trunk’s control system. It is an
open and extendable solution. From an engineering perspective,
to build such an HRCR, it clearly makes sense to distribute sens-
ing and actuation electronics (PWM generation and actuation,
ADCs, and the basic processing operations).

The Base_Unit Controller (see Figs. 6 and 10) consists of
three small printed circuit boards (PCBs), all encased in the
Base_Cube. Two of them provide interfacing circuits and four-
way H-bridge driving circuits for the four dc reduced motors.
The third one is the microcontroller board. The distributed con-

trollers are encased in Cube_1 and Cube_3 (see Fig. 1). Each
entire distributed controller consists of two small PCBs. One is
the microcontroller board, and the other one is the MOSFET-
Array board. The microcontroller boards share the same PCB
layout. Using multiple smaller separated circuit boards makes it
easy to encase the entire control system into the compact space
of the cubes, and to avoid interference between the movable
mechanical parts and the inside mounted PCBs.

The employed microcontroller is an ATMEGA16 (AVR
core, from ATMEL), running at 16 MHz. All the in-system-
programming [30] ports of the microcontrollers are externally
accessible (from outside of 3D-Trunk), in order to facilitate the
firmware development and debugging.

B. Communication Bus

This section describes the communication development for
3D-Trunk. The communication between the Base_Unit Con-
troller and the distributed controllers is via an RS-485 serial
bus, because of its high immunity to noise and its ability to
drive large distances with high data rates, leading to the oppor-
tunity to design very long such HRCRs.

As shown in Fig. 10, the Base_Unit Controller and the dis-
tributed controllers are all independent nodes of the Communi-
cation Bus 1. Because the RS-485 is a half-duplex bus, avoiding
transfer conflicts has to be considered in the related firmware
code. For 3D-Trunk, the Base_Unit Controller is the master
node and controls the transmission direction of the data.

As the ATMEGA16 has a single hardware universal asyn-
chronous receiver transmitter (UART) to send and receive bytes,
an extended, software-driven UART was independently imple-
mented in the Base_Unit Controller.

A command set was implemented for this system. All dis-
tributed controllers receive command packets broadcasted by
the Base_Unit Controller and parse them. Each command packet
contains an ID and a unique operation code, so only the ad-
dressed distributed controller (ID being matched) will respond
and behave according to the operation code.

At present, the implemented command set includes motion
control, the joints’ present position acquisition, the joints’ zero-
position ADC value acquisition, the system running state acqui-
sition, some test and running demos, etc. More functions can
be included. Based on this set of commands, an operator can
easily control the system to complete some work by application
program on a PC.

C. Distributed Controllers

Finally, we need to describe the controllers for the Base_Unit
and the distributed controllers of the CUJCs, starting with the
latter.

Each distributed controller has a unique ID and contains
the controlled CUJCs’ private information (e.g., the supervised
joints’ zero-position ADC values, some calibration values, etc.).
This makes the system better modularized and repairable.

As shown in Fig. 3, small plastic conductive potentiometers
were employed in our prototype, for sensing the joints’ absolute
angles with low electrical noise, high linearity, and long life.
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Fig. 10. Distributed control system hardware architecture of 3D-Trunk. The core electronics components of the Base_Unit Controller and the distributed
controllers are shown. The power cables consist of three branches, for actuating electronic circuits, motors, and solenoids, respectively. These controllers and all
cables are embedded inside 3D-Trunk’s cubes.

These potentiometers were connected with the microcontroller’s
ADC pins, via simple RC low-pass filter circuits. The peripheral
of Timer2 [30] runs at 100 Hz; its interrupt service routine (ISR)
periodically triggers the controller’s ADC routine for updating
the joint-angles’ information.

The n-channel power MOSFET transistors, mounted on the
MOSFET-Array board, switch the currents of the CUJCs’
solenoids. The distributed controller switches these MOSFETs
by generating PWM signals. Timer0 runs at 10 KHz to generate
a time base for the PWM, and all solenoids share this signal with
a state index. The solenoid’s overtime protection mechanism is
implemented in the distributed controllers, for avoiding possible
overheating [see Fig. 6]. The intention to power these solenoids
by PWM current is to obtain much higher pulling force while
the solenoid will still not burn out.

All data transferred on the Communication Bus 1 (see Fig. 10)
will be received and analyzed by all distributed controllers. Once
one of the distributed controllers finds a valid command packet;
thus, the contained ID is under its supervision; it will execute
this command immediately. The other distributed controllers
will ignore this packet and do nothing.

D. Base_Unit Controller

The Base_Unit Controller is in charge of controlling the
four dc reduced motors by interfacing the microswitches of
the WTSSCs (via Schmitt triggers) to deduce the driving wires’
tension states. As shown in Fig. 10, the Base_Unit Controller
also acts as the bridge between Serial Bus 1 and 2. The com-
mand interpreter and the system’s coordination mechanism are
also implemented in the Base_Unit Controller’s firmware. For
the development of the firmware, we borrowed some ideas from
operating systems to construct the system’s coordination mech-
anism.

The Base_Unit Controller needs to drive four dc motors con-
currently, in the course of adjusting the driving wires’ initial
tensions and for the joint’s closed-loop control. The detailed
control and coordination mechanism design have been disclosed

in Section III. Here, the related driver routines of the firmware
share a Timer2 peripheral of the microcontroller with several
index and state variables.

For the communication happening on Serial Bus 2 (see
Fig. 10), the Base_Unit Controller’s UART ISR always pushes
the received message into a queue pool, and its main routine
will pop up and process this information. Once a valid com-
mand packet is found, it will start the data transfer with the
distributed controllers on the Communication Bus 1 and drive
the Base_Unit Segment to operate the Cube & Joint Segment
(shown in Fig. 1). The Base_Unit Controller is the key controller
of the system, because it not only needs to concurrently operate
the motors and WTSSCs, but it also coordinates the distributed
controllers’ work and controls the whole system’s operation (see
Fig. 6).

Some other assistant functions were also implemented in the
Base_Unit Controller’s firmware. For example, under some con-
ditions, a Solenoid_Actor may fail to be pulled out from the
hole-array board by the magnetic force generated by the pow-
ered Solenoid_Stator. This can happen when the torque applied
to the corresponding joint is too big and the magnetic force
is not strong enough to move the “stuck” Solenoid_Actor (see
Fig. 3). If such an exceptional situation happens, the driving
wires will fail to drive this joint. The Base_Unit Controller will
recognize this problem by receiving an unchanging joint angle.
Then, it will reverse the current role of the effective pair of wires
instantly for a short time to counteract the external torque and
to help releasing the stuck Solenoid_Actor. The related control
signals are shown in Fig. 9(b). At the same time, the Base_Unit
Controller keeps checking this joint’s angle. Once the Controller
finds the angle changing (hence, the joint is unstuck), it will re-
sume its former driving action to finish the task. In Fig. 9(b),
this course is from ta to tb . Tests on the prototype with and
without this heuristic problem-solving mechanism have proven
its usefulness. Such kinds of embedded autonomous functions
improve the whole system’s working reliability and stability.

So far, we described the key issues and solutions for the
embedded control systems development of 3D-Trunk showing
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Fig. 11. Characters finished by 3D-Trunk. (a) Chinese character “Ning,” one
meaning is silence. (b) and (c) English characters: “R” and “A.”

Fig. 12. Real-time response curves with autonomous escaping from a “stuck”
situation (Joints 1 and 3). Sampling frequency is 20 Hz and the sampling time
is 4 s.

that the system level design of 3D-Trunk offers a high potential
for extensions.

V. EXPERIMENTS

Following design and construction, the performance of 3D-
Trunk was verified by several different experiments. A movie
demonstrating its feasibility and maneuverability is shown in
[31]. For a certain set of experiments, we extended the design by
an additional 1-DOF end-effector (paint brush holder) [5]. This
platform was then employed to do several painting experiments.
Fig. 11(a) shows a Chinese character completed by 3D-Trunk,
and the corresponding movie is shown in [32]. Furthermore,
3D-Trunk is also employed to conduct monocular vision guided
operations [33].

Please note, limited by the concept of this design, the joints
sharing the same effective pair of driving wires can only be
driven asynchronously. In Section VII, Appendix, we discussed
the 2-DOF simultaneous driving mode. We can use it to ob-
tain twice the movement speed in a shape changing process, or
achieve a 2-D coordinated motion. For instance, for painting
work, we can achieve diagonal strokes by driving an odd and an
even numbered joint at the same time. Fig. 11(b) and (c) shows
two English characters, “R” and “A,” finished by 3D-Trunk,
using this method. For the character “A,” this result exhibits the
“crosstalk” effect. Generally, this crosstalk will only influence
the transition but will not effect the final locking positions of
the two simultaneous driven joints. For the design shown in
Fig. 13(c), this crosstalk will not happen.

In Section V, we discussed the solution for possible “stuck”
situations occurring between the Solenoid_Actor and the hole-
array board (see Fig. 3). Real-time response curves for this solu-
tion are shown in Fig. 12. At the beginning, the Solenoid_Actor

Fig. 13. Two pairs of wires drive this system. For one joint, only one pair of
wires is effective. (a) For the unlocked joint i, wires c and d are the effective
pair. (b) Driving wires’ effect applied on the unlocked joint i. The rotation axis
is Zi−1 . For any one joint j, just replace the subscript i with j. (c) By adding
guide rings to restrict the driving wires, respectively, the possible “crosstalk”
during a simultaneous driving mode will be eliminated.

failed to be pulled out from the hole-array board by the magnetic
force generated by the powered Solenoid_Stator. The Base_Unit
Controller detected this problem and behaved following the
coordination mechanism design introduced in Fig. 9(b) and
Section IV to help freeing the stuck Solenoid_Actor. The small
rising peak (around 1.8 s in the two cases shown in Fig. 12) is
mostly the result from the backlash between the Solenoid_Actor
and hole-array board. By this backlash, the method described
in Fig. 9(b) is made to work. The response curves are recorded
from the movement sequence shown in [31].

VI. CONCLUSION

In this paper, we presented the driving principle and control
system development for our HRCR design, 3D-Trunk.

This paper builds on earlier publications [1], [5], [33] and
describes its novel wire-driven principle and control system
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development. The first two studies [1] and [5] had solely de-
scribed the novel concept, the original mechanical design giv-
ing a short overview of the distributed architecture and robotics
basis. The third one [33] equips 3D-Trunk with monocular vi-
sion to do a vision-guided experiment. The implemented inverse
kinematics of this redundant robot is also disclosed.

In this paper, the coordination and control principle are now
fully described, with many detailed design considerations and
solutions. This way, the documentation of 3D-Trunk is now
complete allowing others to reproduce design and control.

The current control is not based on calculating the wires’
changing lengths during motion, but it is a force-oriented
method. This well-founded method guaranteed the function-
ality of our implementation. The distributed joint-angle sensors
and the WTSSCs design have provided suitable solutions for
implementing the method presented in this paper.

In this paper, the implemented control is based on bang–bang
control, to achieve a minimum-time solution. Being equipped
with low-power motors, as well as discrete joint angles, this so-
lution is suitable. On the other hand, transitions within a move-
ment sequence are slightly disturbed during start and stop of the
motion. This is one limitation of the bang–bang control technol-
ogy. Proportional control could be employed in a future version
to alleviate this problem.

Contrasting our design against the prototypes presented in
[7], [8], [23], and [28], 3D-Trunk is a complete closed-loop
system design. As by design [1], all joints of our HRCR are fully
decoupled, independently controllable and measurable and have
very few actuators.

Furthermore, the present system level design of 3D-Trunk is
highly modularized and scalable, both, concerning mechanical
as well as electronic aspects. It is, thus, a totally novel design and
quite different in many aspects compared to traditional solutions.

3D-Trunk works in an asynchronous mode and has discrete
resolution, and it cannot implement a multiple joints concur-
rent motion. These aspects limit its applications. But, it is quite
suitable to be employed for many shape-changing applications,
particularly with high holding torque requirements (the solenoid
clutches lead to very high torque resistance, see [1]). As a con-
sequence, we believe our work is helpful for others to develop
affordable HRCRs, as well as for stimulating new inventions
and improvements for constructing novel mechanisms and/or
mechatronic systems for some special applications: for example,
not only to construct an HRCR, but also to build a multi-DOF
shape changing system with only few actuators.

APPENDIX: DIFFERENTIAL DRIVEN PRINCIPLE OF THIS DESIGN

In this appendix, we derive the equations resulting from the
differential driven principle of our approach. This serves as the
proof of operation for our control solutions.

For an N-DOF HRCR, the N×1 input torque vector associated
with the generalized coordinates is as follows (see Fig. 2 and
[1]):

T = [T1 , T2 , . . . , TN ]T . (1)

Here, we need to model the relation between the input torque
vector T and the actuation arising from the driving wires and
the locking mechanisms.

An analysis scenario is shown in Fig. 13. As the joint is a
1-DOF revolute type, we only need to discuss the projected
component on the rotation axis (for joint i, the rotation axis is
Oi−1Zi−1). The “driving” torque of any one joint is as follows:

Tj = TW j + TLj , j = 1, 2, . . . , N (2)

where TLj is the torque generated by the routed locking mech-
anism (see Figs. 2 and 3), associated with the rotation axis
Oj−1Zj−1 ; TW j is the composite torque (component on axis
Oj−1Zj−1) generated by the routed four-way driving wires [see
Fig. 13(b)].

If joint i is unlocked, then for all joints of this HRCR{
TLj = 0 j = i
TLj �= 0 j �= i.

(3)

Then,

TW i = Ti, i is the unlocked joint (4)

and

TLj = Tj − TW j , j = 1, 2, . . . , N and j �= i. (5)

Generally, for an arbitrary pose

TW i �= TW j , i, j = 1, 2, . . . , N and i �= j. (6)

Equation (2) shows that essentially each joint of this HRCR is
driven by five actuation inputs in parallel, which is much more
complicated than a traditional robotic joint design.

If the input torque vector can be obtained (e.g., by inverse
dynamics calculation [1]), (4) means that the unlocked joint’s
torque, generated by the driving wires, should be equal to Ti for
obtaining the desired performance. For any one locked joint, its
“clutch” provides the remaining required torque to satisfy (2).
Equation (5) shows how to calculate the clutch torques of the
locked joints. This is similar to utilizing an actuator to keep a
fixed angle of this joint (i.e., balancing the dynamic and gravity
loads).

Refer to the case shown in Fig. 13(b), for any one joint j, TW j

in (2) is as follows:

TW j = Zj−1 • (rj,a × Fj,a + rj,b × Fj,b + rj,c × Fj,c

+ rj,d × Fj,d), j = 1, 2, . . . , N (7)

where • and×mean dot product and cross product, respectively;
Zj−1 =

[
0 0 1

]T
is the unit vector of axis Oj−1Zj−1 ; Fj,a ∼

Fj,d are the pulling forces along the routed driving wires a--d;
rj,a ∼ rj,d are the vectors from Oj−1 to the guiding centers
of the distributed turn brackets [for positioning and guiding
the driving wires, see Fig. 2(b)]. The values for rj,a ∼ rj,d , as
well as the orientations of Fj,a ∼ Fj,d can be obtained from
the mechanical design (see Fig. 13); they are depending on the
vector of joint variables q = [θ1 , θ2 , ..., θN ]T and described in
the same coordinate frame.

If we ignored the friction between the turn brackets and the
driving wire, then the tension force along a wire would be
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constant. Let us define Fk = |Fk |, k = a, b, c, d, to describe the
driving force generated by the four reduced motors [see Figs. 1
and 2(a)].

In the case shown in Fig. 13(b), for the unlocked joint j =
i, we have TLi = 0. Then, the four driving wires’ contributions
can be grouped to Ti,ab and Ti,cd as follows:{

Ti,ab = Zi−1 • (ri,a × Fi,a + ri,b × Fi,b)
Ti,cd = Zi−1 • (ri,c × Fi,c + ri,d × Fi,d)

. (8)

Equation (8) exhibits that the torque generated by the wires a
and b are mostly perpendicular to the axis of joint i [see Figs. 2
and 13(b)], and thus have limited effect on joint i. If we reduce
them (i.e., Fa and Fb ) based on some considerations, then this
pair of wires’ composite effect will be so small that we can
totally ignore them.

Referring to Fig. 13(a) and (8), if there is no external load
and Zi−1 • (ri,c × Fi,c + ri,d × Fi,d) > 0 (e.g., winding wire c
and unwinding wire d), joint i (θi) will rotate positively and vice
versa. For the remaining locked joints, the distributed locking
mechanisms will provide torques to satisfy (5), and thus, the
wires’ traction will not affect the locked joints. So, we define
here for the unlocked joint i that wires c and d form the “effective
pair,” and wires a and b the “noneffective pair.”

So that based on (4), (7), and (8) and the earlier discussion,
for the one currently unlocked joint i and the coordinate frame
design shown in Fig. 2(a), we can arrive at

Ti = Ti Eff Pair

=
{

Zi−1 • (ri,c × Fi,c + ri,d × Fi,d) if (i = 1, 3, 5, . . .)
Zi−1 • (ri,a × Fi,a + ri,b × Fi,b) if (i = 2, 4, 6, . . .) .

(9)

And we can conclude that every unlocked joint of this HRCR is
differentially driven by a pair of wires (i.e., the effective pair).

As shown in (9), for the case in Fig. 13(a) to achieve a pos-
itive rotation of joint i, wire c is wound tighter for a positive
contribution, while the tension in wire d (Fd ) makes a negative
contribution. For easing to the following discussion, we call the
wire with positive contribution (reducing the error toward the
target angle) the “positive-side wire” and the other one of the
effective pair the “negative-side wire.”

Please note, there are always two inputs in (9) and they should
be always positive (wire can only be pulled). For our implemen-
tation, we assign FN L for “noneffective pair” and “negative-side
wire,” see Fig. 8.

Essentially, (9) presents the relation between the effective
pair’s pulling forces and the unlocked joint’s driving torque.
Combining (4), (5), and (9) and the dynamics model introduced
in [1], we can conduct exact dynamics analysis, perform part
checking [i.e., verifying the design of the locking mechanism
(clutch), checking the specifications of the solenoid, choosing
motors, etc.], as well as performance pursued control.

Furthermore, (9) discloses the basis to achieve a 2-DOF si-
multaneous driving mode: we can drive an odd and an even
numbered joint at the same time (see painting experiment), but
“crosstalk” between the wire pairs could occur. By symmetri-
cally mounting guide rings [see Fig. 13(c)] to restrict the driving

wires, respectively, such crosstalk during simultaneous driving
mode will be eliminated.
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