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1. Introduction

Collaborative robots have been widely applied across a variety of
fields, such as industrial manufacturing[1,2] and robotic-assisted
surgeries,[3,4] for the purpose of reducing repeatable work while
assisting human with physical effort and facilitating precise
motion. However, current collaborative robotic systems usually
implement bulky robot arms with poor haptic and ergonomic

properties due to the conventional rigid
links and rotary joints that consist of a
motor, brake, harmonic drive, or other
gearbox. This leads to inherent actuation
friction and high inertia, which can impart
resistive forces during interactions and
risks from instantaneous collisions even
when the robot is under back-drivable con-
trol. Compact, low-inertia, and even soft
compliant robotic joint mechanisms are
in great demand for ensuring safe interac-
tions, thus also avoiding cumbersome set-
ups due to the separation between human
and robot.

Tendon-driven robots, which enable
remote transmission to reduce robot link
size and weight while maintaining suffi-
cient distal dexterity and force,[5] have
drawn increasing interest. Many emerging
applications include serial-link manipula-
tors,[6] exoskeletons,[7] and surgical instru-
ments such as endoscopes,[8] cardiac
catheters,[9] and robotic drills.[10] The struc-
tural stiffness can be increased with pre-
loading of the tendons. However, in
particular for serial-link or soft continuum

robots, such preloading would induce substantial axial compres-
sion on the backbone links and contact joints, giving rise to
increased overall bending stiffness and friction, thereby requir-
ing larger pulling forces to drive the robot motion in return.

In contrast, tensional integrity, namely, tensegrity, which con-
sists of rigid bodies (struts) and tendons, is constrained by the
tensions in the system, while there is no direct contact between
the rigid components. Thus, no sliding or static friction is
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Compact, low-inertia, and soft compliant robotic joint mechanisms are in great
demand for ensuring safe interactions in human–robot collaborative tasks.
Tensegrity, of which the structural integrity is constrained by tension, does not
involve static/sliding friction among the rigid components. However, this
mechanical stability is very susceptible to actuation errors. It requires complex
kinematics modeling and sophisticated control model with sensing feedback.
Herein, a low-inertia tensegrity joint that is covered/protected by a fiber Bragg
grating (FBG)-embedded silicone sheath is proposed, with the aim to reinforce
the joint motion stability and enable self-contained sensing feedback. A learning-
based closed-loop controller is also designed and trained with the proper joint
configurations selected by a two-step sampling method. Both the kinematics and
static equilibriums of such configurations can be well satisfied. The experiments
demonstrate that the joint can follow paths accurately in 2D by compensating
manipulation error shortly under the closed-loop control. The joint stiffness can
also be varied against the external/impulsive disturbances. It can be foreseen that
this primitive robot joint component with 2 degrees of freedom (DoFs) can
provide safe, compliant interaction with human, for which a simple test of
maneuvering a portable ultrasound probe (�210 g) for abdominal imaging is
demonstrated.
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involved among rigid bodies. External forces will be passively dis-
tributed through a network of tension, but not breaking the static
equilibrium. Structural stiffness of this tensegrity would be solely
determined by the tensions. However, this mechanism would
also allow significantly less tolerance to any errors of actuation,
as a result of complex kinematics modeling and the sophisticated
actuation sensing required. Therefore, tensegrity structures were
mostly found in various locomotion robots capable of rolling,[11]

pipe crawling,[12] and swimming,[13] and soft continuum or
serial-link robot architectures aiming entire body shape control
like compliant grasping,[14–16] accredited to the high power den-
sity and flexibility of tensegrity, but were rarely implemented on
the robots targeting dexterous end-effector manipulation.

To take full use of tensegrity’s promising characteristics, the
modeling and control of such an overconstrained mechanism
must be advanced. It is worth noting that both kinematics and
static equilibrium constraints have to be well satisfied. This is
known as the form-finding problem,[17] for which force density
method (FDM)[14,17,18] was commonly used to simplify the robot
as a cable network comprising nodes, bars, and cables, but which
would be oversimplified and limited to specific mass interstruc-
tures. Finite element modeling was also used to linearize
tensegrity dynamics model,[19] but which would be too computa-
tionally intensive. To bypass such intensive computation,
Real2Sim2Real[20] strategy was proposed to employ differentiable
physics engine for simulating the robot kinematics/dynamics
model based on the limited data observed from the real robot.
The resultant simulated model can offer sufficient training data-
sets to form a deep-learning model for real use. In such simu-
lated physics engines, the prestress, material, and geometric
information could be taken into account for deducing the non-
linear equilibrium equations.[21]

Therefore, sufficiency of sensing data, regarding the robot
configuration feedback, is of importance to the aforementioned
data-driven approaches. Encoding the tendons length is a com-
mon approach to reflect the robot configuration through its for-
ward kinematics, if existing. Johnson et al. used stretchable
tendon sensors[22] to detect the morphology of a crawling tensegr-
ity robot with the purpose of environment exploration.[23,24]

Similarly, Booth et al.[25] used many strain sensors to estimate
the shape of a rolling tensegrity robot. To extend the application
to serial-link or soft compliant manipulators[18,26,27] and grip-
pers,[14] which have to support and experience a great variety
of external loads in task space, the overall robot control perfor-
mance should be improved by the inherent robot stiffness vary-
ing in a wide range, rather than just heavily relying on promising
sensing feedback of the robot configuration.

Among the studies about tensegrity structures, only a few of
them are on serial-link robots. Taking inspiration from human
anatomical structures, a tensegrity manipulator with two joints
that functioned similarly to human elbow and shoulder was
developed, incorporating actuation tendons to lift its lower seg-
ments. This represents the early implementation of translating
static tensegrity structure into an actuated robotic manipula-
tor.[28] Stacked mechanisms are commonly used to construct ten-
segrity manipulators from several similar segments, in which
each segment was supported by tendons linked to the apex of
its lower segment.[14,18,29] Due to the lack of accurate kinematics
model and sensing approach, there were spared tendon lengths

that did not fully constrain the structure but the tendons were
only passively straightened by the gravity load, to avoid structural
collapse from actuation errors. These underconstrained mecha-
nisms would be susceptible to small variations of external loads,
causing the manipulation behavior to be inconsistent over differ-
ent times of operation, resulting in great challenges when imple-
menting data-driven control approaches. To enhance the
manipulation repeatability, elastic springs have been adopted
to replace the tendons,[30] hence, suppressing the free motions
of the manipulator. The bending motions became controllable
through the use of trained mapping between the desired bending
curvatures and their corresponding tendon configurations.[15]

Thin McKibben artificial muscles composed of inner pneumatic
bladders and exterior braided sleeves were also used as actuation
tendons to enhance the impact resistance.[16] However, the com-
pliance induced by springs or artificial muscles would deteriorate
control accuracy, particularly when supporting a varying load. A
variable stiffness mechanism was developed to adjust the bend-
ing stiffness of a tensegrity spine,[31] which allowed each seg-
ment to be rigidly attached to its adjacent segments through a
spherical pin when pulling all the tendons, but at the expense
of reduced workspace in this stiffer state. Mimicking the anatom-
ical structure and kinematics of the human knee, a bioinspired
robotic knee was developed with adjustable joint stiffness,
achieved by tightening/releasing the springs connected to the
tendons, while the joint provided only one passive degree of free-
dom (DoF) and was actuated by an external connecting bar.[32]

Another stiffer tensegrity manipulator actuated by pneumatic cyl-
inders was also designed,[33,34] but its bulky and heavy robot links
result in limited operation bandwidth (�1Hz). Furthermore, the
sole use of tendon length encoding in the existing tensegrity
manipulators would make the robot configuration sensing feed-
back very unreliable. Possible tendon slack usually caused by the
modeling/actuation errors would worsen sensing feedback, thus
giving incorrect cues about the robot end-effector pose.

To this end, we propose a compact, low-inertia, and soft ten-
segrity robot joint capable of enabling safe interaction and
robustness to disturbance. Such a joint can also be incorporated
with a high-level data-driven controller and closed-loop sensing
feedback of optical fiber Bragg grating (FBG)-based shape sens-
ing. These FBGs can detect sparse strain changes of the soft
robot body, allowing real-time shape sensing of continuum
robots[35,36] and soft skins[37] with large deformation, accredited
to its high sampling rate (≥100 Hz) and dense strain measure-
ments with a single connection of an optical fiber. In our previ-
ous work, FBGs helically wrapped on the soft robot surface
enabled sensitive shape feedback for reliable closed-loop con-
trol.[38,39] In this study, a stretchable silicone sheath embedded
with FBGs was integrated as a soft skin protecting our proposed
compact tensegrity joint. A learning-based controller with the
joint shape feedback and tendon length encoding was con-
structed. A two-step sampling approach is proposed to ensure
the joint manipulation under kinematics and static equilibrium.
The major contributions of this work are concluded as follows:
1) Study of a fully constrained tension-actuated soft robotic joint
featuring actuation redundancy for varying the 2-DoF joint
configuration as well as joint stiffness; its precise motion control
with variable stiffness has not yet been reported. 2) Incorporation
with FBG-based soft sensing feedback for self-contained
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closed-loop control of the joint kinematics and its actuation sta-
bility. 3) Design of a learning-based control model trained by a
two-step sampling approach, for which experimental validation
on the joint actuation accuracy and compliance, as well as robust-
ness to the load and disturbance, is also conducted.

2. Results and Discussion

A tensegrity joint prototype was proposed, of which the main
body is 61mm long with an outer diameter of 56mm and a
weight of about 60 g, comprising two 3D-printed circular frames
made of resin. The joint integrity is maintained by four braided
steel tendons (OD∅1.2mm) (Figure 1a) preloaded. Note that the
tension of the central tendon always compensates the preloaded
pulling forces of the other three actuation tendons (Figure 1b). By
adjusting the differences among these three tendon lengths, the
upper frame can be steered in 2 DoFs, pan/tilt, swinging about
the apex of the lower frame (Figure 1c), thereby generating bend-
ing motions of the joint. While satisfying both the kinematics
and static equilibriums, respectively, coordinating the length dif-
ferences and tensions of the three tendons, such a joint configu-
ration can be stabilized firmly to support external load.

A prestretched silicone (Ecoflex30, Smooth-On Inc., USA)
sheath was wrapped on the cylindrical surface between the upper
and lower frames, not only with the aim to enhance the bending
motion stability, but also to restore the joint to its natural

configuration. To sense the configuration change, apart from
measuring the tendon lengths encoded by the motors, deforma-
tion along the silicone rubber sheath can also be strong cues
of how the joint is being bent. Therefore, an optical fiber
with a single-core FBGs (FBGS International) is embedded
and wounded helically around the silicone sheath, so as to reflect
the sparse strain changes along with the joint bending. In our
experimental validations, as shown in Figure 2a, we clamped
the joint horizontally so as to afford the most gravity load or exter-
nal force disturbance to be applied on the links or end-effector.
The distal tip (end-effector) was positioned by 150mm (�250%
self-height) from the upper frame along a rigid rod. Its pose
could be tracked by an electromagnetic (EM) tracking system
(NDI Medical Aurora) as the ground truth. With this 150mm
arm length, we could analyze the joint manipulation and control
performance in a proper spatial resolution, illustrating any error
observed readily within the workspace.

2.1. End-Effector Workspace Analysis

The learning-based control implemented a two-step sampling
strategy, aiming to ensure the system under both kinematic
and static equilibriums of the tensegrity joint. Initial tendon
length combinations, acting as the expected sampling of the joint
configurations, were generated by a basic geometric model as for-
mulated in Section 4. In this step, such preliminarily generated
configuration does not guarantee that the joint is in static equi-
librium and may induce tendon slacking, which would cause the
joint to collapse. Up to the next step of sampled data adjustment,
which is a one-go calibration, all the three tendons could be tight-
ened without slacking based on the motor torque control feed-
back. A light torque threshold (0.15 N·m) was preset, so not to
overtighten the tendons too much. The above two-step sampling
method could ensure the valid tendon length combinations,
namely, the actuation space, within which the joint would not col-
lapse because of the tendon slacking. Throughout the two-step
sampling process, the distal tip poses and the tendon configura-
tions were recorded by the EM positional tracker and motor
encoders, respectively. A neural network (NN) model was used
to map the collected data between the actuation space and the task
workspace, thus forming a joint controller for further use.

Figure 2b shows the workspace collected by the two-step sam-
pled distal tip positions. Along the workspace, actuation effi-
ciency is quantified at each sampled tip position, indicating
the total amount of tendon length changes required to move
the tip to its adjacent position by a unit of length. The less the
total change of tendon lengths, the higher the quantified effi-
ciency, which is used to evaluate the variation in actuation
demand across the workspace. At each sampled position, four
adjacent positions were randomly selected for the calculation
of actuation efficiency, and such efficiency has been normalized
between 0 and 1. The workspace projected on 2D circle with the
diameter of 116mm, corresponding to a bending angle of �25°.
The pattern of the resultant actuation efficiency appears hexago-
nally symmetric. When the tip moves along the directions where
the tendons were located, the joint pan angle aligns with that of
all the tendons. This allows for the most efficient adjustment of
the joint tilt angle, resulting in the formation of a hexagon

Figure 1. Tensegrity joint with FBG-empowered shape sensing. a) Interior
structure of the tensegrity joint covered by a silicone sheath helically
wrapped with an FBG optical fiber. b) Natural configuration with equal
lengths of all three actuation tendon vectors α, β, and γ. c) Pan/tilt bend-
ing by adjusting tendon lengths. During static equilibrium, tension of the
central tendon (linking the two apices) is always equal to the sum of the
other three tendon tensions.
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pattern due to the three tendons. Moreover, the actuation
becomes less efficient when the tip moves close to the circular
edge of the workspace, indicating the need for dramatic changes
in tendon lengths at large bending angles. The range of available
bending angles could be varied by adjusting the joint dimen-
sions. Reducing the joint radius could increase the overall actu-
ation efficiency, thus allowing larger bending angles. However,
this would decrease the joint payload capacity due to the reduced
moment arm, which in return requires a larger force output from
the actuation system. Dynamic response of the tendon motors
used is also the key to defining the proper range of bending
angles, such that the tendon slacking can always be compensated
sufficiently fast. This explains the angle�25° based on our choice
of tendonmotor (Dynamixel, MX-64AT). Furthermore, this choice
also affects the optimal control bandwidth, for which we also
conducted an experimental frequency response study. Twomotors
were commended to pull and release their tendons simulta-
neously. This pull-and-release is a harmonic motion repeated peri-
odically at the input frequency ranged from 0.1 to 6Hz. The distal
tipmotion tracked by the EM tracker becomes the output. Figure 3a
is the resultant Bode plot, showing the tip motion magnitude
decayed by 3 dB, when the pull-and-release was repeated at 4.5Hz.
For the sake of fair performance analysis of our proposed joint, in
the latter experiments, we have kept the joint control commands or
the jointmotion changes below such an optimal bandwidth (4.5Hz)

Path following test was carried out to evaluate the joint manip-
ulation accuracy. Open-loop control was first applied, which
solely employed the sampled actuation space to operate the joint
(at<4.5 Hz) without any shape sensing feedback to the controller
(see the Video SV1, Supporting Information). The distal tip was
controlled to follow an “8”-like path within 80� 40mm. As
shown in Figure 3b, the tip motion was EM-tracked and projected
on 2D for readily illustrating the path deviation (Figure 3c) in a
unit of Euclidean distance. Root-mean-square error (RMSE) was

used to indicate overall accuracy of the path following task. Even
under the open-loop control, this path following RMSE was mea-
sured as 1.10mm only. This indicates the two-step sampling
method, as well as the trained NN-based controller, can fully con-
strain the actuation space, ensuring zero tendon slacking
throughout the path following task. However, to our observation,
the motors used could somehow be coordinated poorly, not well
in sync, due to the serial interfacing between the computer and
the electronic motor drivers. Although the actuation has been
within the sampled space, the control discrepancy among the
three motors would still deteriorate this open-loop control perfor-
mance, causing the sudden deviation plotted in Figure 3c. It is
expected that closed-loop control with higher level sensing feed-
back of joint configuration/shape would minimize the path devi-
ation further.

2.2. FBG-Based Sensing Feedback Control

Light wavelength shifted by FBG is proportional to the change of
strain applied on the FBG. Together with all the sparse FBG-
strain change data collected via a single-core optical fiber, we
could have enough cues for estimating the joint configuration
in pan/tilt DoFs (Figure 4a), accredited to the unique mapping
from the combination of detected FBG-strains to the joint con-
figuration. To construct this mapping, real-time FBG-strains
were collected as the input training dataset, while the EM-tracked
configurations were captured as the output training dataset dur-
ing a calibrationmovement of the joint. It is worth noting that the
EM tracking was only used in the calibration for sensing and con-
trol models training, and also as the ground truth or baseline for
our performance analysis. We propose to train the two models,
namely, the FBG shape sensing and the controller, by using the
EM-tracked joint configuration as the feedback. Regarding the
shape sensing, a single-layer NN model incorporates input as

Figure 2. Experimental setup for evaluating the workspace of the distal tip and the control performance of the tensegrity joint. a) Experimental setup of
the joint mounted with a 150mm distal tip extension. b) 3D workspace of the distal tip measured by an EM tracker. Higher actuation efficiency (cooler
color) indicates less actuation changes necessary for the same amount of tip displacement.
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real-time FBGs strain data, and output as the corresponding joint
configuration. During the data acquisition for training, the joint

was commanded to move along a spiral path within the work-
space (Figure 2b), and samples were collected each time after

Figure 3. Experimental frequency response and “8”-like path following performance under open-loop control. a) Cutoff frequency measured at 4.5 Hz.
b) 2D-projected reference and actual paths. c) Corresponding tracking deviation calculated as Euclidean distance bounded below 4mm throughout the
cycle of 121 time steps (�30 s).

Figure 4. Path following with learning-based control and FBG-based shape sensing feedback. a) Upward bending of the tensegrity joint showing the half-
range of the path following motion. b) Plot of 18 FBG wavelength shifts overlaid along the helical layout of the optical fiber embedded inside the joint’s
sheath. Pan/tilt motion of the joint shape reconstructed based on a trained NN model can also be observed as shown in the Video SV2, Supporting
Information. Similar to Figure 3b,c, the tracking deviation under closed-loop control with the FBGs is demonstrated in path following tasks for c) an “8”-
like path and d) square path.
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the tracked tip moved with a preset distance. The closed-loop con-
troller was trained using another single-layer NN model during
the two-step sampling. A large amount (10 000) of paired joint
configurations were collected such that the tip separation of
the paired has to be less than a preset step size. This formed
the input training dataset of joint motions in multiple directions.
The corresponding actuation changes acted as the output training
dataset. Thus, the trained model could correct deviations of the
joint motion by using the sensing feedback. With the FBG-strain
data and the shape sensing model, the joint configuration can be
reconstructed in real time; as can been seen in Figure 4b and
Video SV2, Supporting Information, the helical layout of FBG
optical fiber moved along with the 2-DoF joint motion estimated.
In our future work with a serial manipulator formed by the pre-
sented joints, this will also facilitate motion planning with suffi-
cient knowledge of the robot surrounding.[40]

Here, we propose to use the embedded FBG fiber as a self-
contained positional sensor and also use it for closed-loop control.
The path following tests with the same “8”-like pattern (Figure 4c)
as in the open-loop control task, as well as the square path
(Figure 4d), were carried out to evaluate the closed-loop control
accuracy with FBG sensing feedback. The tip motion was EM-
tracked and projected on 2D, and the sensing errors were calcu-
lated by the Euclidean distance between the EM-tracked and
FBG-predicted tip positions. Although compared to the open-

loop control (RMSE of 1.10 mm), the RMSE under closed-loop
control (1.06 mm) was only slightly lower, the sudden deviation
(e.g., marked in Figure 3b) reduced significantly (Figure 4c).
Only 6.8% and 5.6% of the deviations are above 2 mm in the
“8”-like and square paths, respectively, showing closed-loop
motions is smoother, relative to 11.5% deviations that is above
2 mm under the open-loop control. Moreover, the peak devia-
tion is reduced by 13.9% in the “8” path. For the FBG sensing
errors, the 2.17 mm RMSE (Figure 4c) corresponds to an angu-
lar error <1°. The positional deviations sensed by FBG were fed
into the controller, enabling real-time correction, and compen-
sating for the incoordination of the motor actuations observed
in the open-loop control.

To evaluate joint manipulation accuracy under external loads,
path-following task under high load was performed without pre-
loading the tendons. The same paths as in Figure 4c,d were
used but an additional 114 g load was placed on the joint link
which was 35mm far from the joint upper frame (see the Video
SV2, Supporting Information). It is worth noting that no
retraining or recalibration was conducted for the learning-based
controller, that is, only the samples without external load were
involved in the training data. Two cases were tested to evaluate
the manipulation robustness, one with the load from the begin-
ning and consistently throughout the path following (Figure 5a),
and the other was applied with the load intermediately (Figure 5b).

Figure 5. Two cases of path following with a load of 114 g (about twice the self-weight) and no tendon preload. a) In the first case, consistent load was
applied throughout path following of the “8”-like path. b) In the second case, the robot ran without external load in the first cycle while the load was
applied at the beginning of the second cycle without pauses.
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In the case with the load applied from the beginning, the ten-
segrity joint maintained low tracking deviations with an RMSE of
1.74mm. The robot followed the target path closely when mov-
ing downward, while larger deviations were observed during the
lifting motion (marked by warmer color in Figure 5a). This may
be mainly caused by the FBG-based sensing error when encoun-
tering untrained deformations of joint sheath. Such error occurs
when large tension incremented to support a stronger load.
Therefore, the external load applied on the end-effector also
stretches the joint sheath and results in strain changes along
the FBG fiber, sequentially degrading the position predictions
used as the control feedback. This prediction or sensing errors
were further increased when the external load was added inter-
mediately. In this case, deviations were significantly increased in
the first few seconds when the impulsive disturbance (i.e., add-
ing the load) was applied. Although the joint could approach
toward the target path again, the deviations were still 39.7%
larger than those in the case with the load from the beginning.
As the robot was horizontally clamped, all the tendons took the
most effort from the load gravity, causing the joint upper frame
shifted from its original configuration. This stretches the sheath
further on one side, causing the strain change distribution
slightly different from that in the unloaded configurations during
the data training. In the case with the load from the beginning,
the load-induced stretching was already involved when the robot
started moving. However, when the load was added intermedi-
ately, this additional stretching change resulted in an uneven dis-
tribution of overall strain changes. Therefore, tightening the
tendons with stronger preloading can increase the structural stiff-
ness, hence reducing the uneven sheath stretching along its cylin-
drical surface, eventually, would reduce the sensing error. The
synergetic use of FBGs with another type of self-contained sen-
sors, such as inertial measurement units (IMUs) that could feed-
back with promising joint orientation, thus enhancing the joint
control performance, would be studied in our future work.

2.3. Joint Dynamics and Compliance Performance

It is hypothesized that the proposed joint enables variable stiff-
ness by adjusting the preload on tendons. Reducing the preload
would result in higher compliance, but also makes the joint
softer. The joint stiffness under three levels of tendon preload,
3, 5, and 10 N, was evaluated in two tests, respectively, with static
load and impulsive disturbance. In the load-deflection test, static
loads ranging from 100 to 500 g were sequentially applied 10mm
aside from the joint upper frame. The test was repeated 3 times
for each preloading level and load condition, during which the tip
deflection under each load was measured by the EM tracker, and
shown in Figure 6a. In the test with 500 g load, the tip deflection
was reduced by 19.5% and 35.1%, respectively, under 5 and 10 N
preloading, compared to the deflection of 9.32mm under 3 N
preloading. Similar results were also found in the impulsive dis-
turbance test, where the force disturbances were applied by drop-
ping a 114 g weight from 1 cm above the link which is 35mm far
from the joint upper frame, and the test was repeated 5 times for
each preloading level (Figure 6b). Relative to the average peak
deflection of 13.63mm when 3 N preload applied, there was
deflection reduced by 35.3% and 75.8%, respectively, under 5

and 10 N preloading. The less deflection indicates the increased
joint stiffness, according well with our hypothesis, such that the
structural tensegrity stiffness is controllable by varying the ten-
don preloads. It is also worth noting that for impulsive distur-
bance, the joint under all these preloading levels could restore
its natural configure in the similar amount of time, 0.5 s, indi-
cating the robust response or resistance to external disturbances.
It can be explained by the fully constrained property of our pre-
sented tensegrity. In addition to the preloading, the two joint
frames were wrapped by a prestretched elastic (silicone) sheath.
This also possesses inherent compliance to any force interaction
on the joint body and link.

To further explore the dynamic performance, a 360 g can of
cola was held 45mm aside from the joint upper frame
(Figure 7a). It was lifted (up and down, Figure 7b) and shaken
(left and right, Figure 7c) at an average speed of 5.41 and
6.79 cm s�1 (angular speed of 0.95 and 1.19 rad s�1), respectively,
also with rapid change of motion directions (see Video SV1,
Supporting Information). Note that the can weighs 6 times
the tensegrity joint itself. The motion outcome was smooth,

Figure 6. Three levels of joint stiffness applied by the tendon preloading
with 3, 5, and 10 N. a) Varying loads were applied 10mm aside from the
joint upper frame. The tip deflection under each load was recorded. b) To
generate an impulsive disturbance, a 114 g weight was dropped from 1 cm
above onto the joint link. This impulsive disturbance test was repeated 5
times for each preloading level.
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accredited to no static or sliding contact friction between the two
joint frames. The fully constrained property and low inertia of the
joint enable a maximum angular acceleration of over 10 rad s�2,
giving rise to agile and flexible manipulation without overshoot.
With the controllable stiffness and compliance of the joint, the
tensegrity joint has great potential to perform various tasks of
interactions with human body. As shown in Figure 7d, we took
ultrasound probe manipulation as an example, in which the joint
was used to maneuver a �210 g portable probe (Torso-One,
KOSMOS, USA) for abdominal ultrasound imaging (Figure 7e).
The low joint stiffness applied could allow the probe to comply
with any physiological motion mostly due to breathing. During
the up-and-down probe displacement of about �5mm, the con-
tact force between the probe and the abdomen skin was kept
within the range of 1.17–2.31 N (Figure 7f ), thus maintaining
the imaging quality. By adjusting the tensions, it could be con-
trolled stiffer to conform the imaging on a region of interest. This
joint dynamic property would add much confidence to telemani-
pulation of various ultrasound examinations.

3. Conclusion

This article proposed a compact, low-inertia, and reduced friction
soft tensegrity robot joint with 2 DoFs, which would be consid-
ered a primitive component for the use in serial-link manipula-
tor. The joint structural integrity can be maintained by four
tendons, without involving sliding friction as seen in rotary joints
even under high robot load and tendon pretensions. A soft skin
sensor, which is an FBG-embedded silicone sheath, was designed
to tightly wrap around the joint to enhance the structural stability,
and also to provide self-contained shape sensing feedback. We
also developed an NN-based data-driven controller, for which a

two-step samplingmethod was proposed to resolve the typical con-
trol challenge in meeting both the kinematics and static-equilib-
rium constraints requirements simultaneously, which is in
great demand when requiring steady control of similar tensegrity
structures. In the first step of sampling, initial actuation sequences
were generated by a basic geometric model. In the next step, for
each sampled kinematics configuration, the actuated tensions
were adjusted online during the actual manipulation, thus com-
pensating the error induced by modeling uncertainties. As a
result, this further ensures static equilibrium of the actual sam-
ples. This method could maintain the quality of sampled data
“learned” well by the controller. Therefore, the proper learning-
based controller would eventually avoid any sudden collapse of
the joint due to its tendons slacking as found in many similar
kinds of tensegrity mechanisms.

Provided with just a preliminary implementation of simple
servo motors to drive the tendons, we lowered the joint operation
bandwidth below 4.5 Hz upon our test of frequency response.
Together with the motor servoing of tendons length and the pro-
posed shape sensing based on 18 FBGs of a single-core fiber, the
tensegrity joint could follow prescribed paths along “8”-like and
square patterns, respectively, with RMSE of 1.06 and 1.04mm.
Without preloading the tendons, the joint could still resist exter-
nal disturbances, such as a 114 g load that is twice the joint
weight, during the path following task. The precise motion con-
trol of similar tensegrity-based joints has not yet been reported.

A 360 g load (six times the self-weight) can be lifted and
shaken by the joint. When holding a portable probe (�210 g),
ultrasound scanning can be performed with passive motions fol-
lowing the patient’s respiration and controllable motions to
adjust the scanning pressure. Accredited to the actuation redun-
dancy, the joint stiffness can also be varied by tendons preloading
such that the joint deflection due to the impulsive external force

Figure 7. a) Manipulation of a coke can, which is 6 times the joint self-weight. The can was lifted b) and shaken c), with rapid change of motion directions.
d) Maneuvering a portable ultrasound probe for abdominal imaging. The probe is about 3.5 times the joint self-weight. e) Corresponding ultrasound
image captured under the compliant joint motion. f ) The passive motion of the ultrasound probe that complied with breathing, when low joint stiffness
was applied. The contact force between the ultrasound probe and abdomen skin was maintained within a certain range.
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disturbance could be reduced by 35.3% and 75.8% when the
three actuation tendons have been preloaded with 5 and 10 N,
respectively (relative to 3 N preloaded setting). These key experi-
mental validation results, along with the advantageous features of
this proposed tensegrity joint, demonstrate its wide range of
applications, in particular for scenarios requiring close and safe
interaction with human, such as robotic ultrasound screening
(Figure 7d,e) of patients, or joint replacement surgery (arthro-
plasty) where the surgeon has to manually handle the robotic
manipulator (e.g., Mako SmartRobotics) end-effector under col-
laborative compliance control.

In this light of joint prototype, we foresee the manipulation
accuracy and compliance control can be further improved by fus-
ing new sensing modalities, e.g., IMUs, able to detect the joint
pose in real time. High-end servo motors with precise tension
control of tendons will be another prerequisite to realizing
back-drivable manipulation. The joint dimensions can be scaled
up/down to meet the requirements of the application scenario,
while the maximum bending angle is primarily determined by
the actuation performance of its tendon motors. A higher
radius-to-length ratio of the joint could further increase its pay-
load capacity. The inner space of the joint could be utilized as a
working channel for end-effectors and additional sensors. When
employing the joints in serial-link manipulators, the variable
stiffness property could facilitate the decoupling of joint motions.
However, the presented tensegrity design is susceptible to tor-
sional disturbances; this could deteriorate the steady control of
such manipulators, as the proximal joints may be subject to sub-
stantial torsional loads. Therefore, in the future work, torsional
rigidity and stability of the joint will have to be reinforced and
enhanced so as to fulfill various robot manipulation requirements.
This new type of tendon-driven manipulator comprising the pro-
posed 2-DoF tensegrity joints would become an alternative to con-
ventional manipulator linked by rotary joints, each of which just
provides 1-DoF rotation only. Considering the challenges of ten-
don management and motion decoupling among the joints, we
will explore the use and design of advanced controllers, e.g.,
reinforcement-learning-based controllers,[41] so as to enhance
the compliance variation and back-drivability of the resultant ten-
segrity manipulator, rather than just a single joint.

4. Experimental Section

In this section, we explain the detailed structure of the proposed ten-
segrity joint. Formulation of the basic geometric model used to predefine
possible sampled robot configurations is also detailed. A sampling
approach, acting as a one-go calibration, which resolves typical control
challenges of tensegrity, as well as the learning-based controller with
FBG-based shape sensing feedback, is also introduced here.

Tensegrity Robot Joint: As shown in Figure 1b, the tensegrity joint mainly
comprises two circular frames which were 3D-printed with high Young’s
modulus and lightweight UV-curable resin. These two frames had to be
hinged by four braided steel tendons (OD∅1.2 mm), including three actu-
ation tendons pulled by three motors beyond the joint structure, and one
central tendon in balance of the three tendon pulling forces. Attributing to
the tendon-driven mechanism that enables remote transmission, all the
motors could be based and fixed on the ground. Note that the “L”-shaped
struts of the two frames overlaid at a certain level allow a large bending
angle (�25°). The central tendon would afford high tension counteracting
the high load manipulation; therefore, the struts and the tendon

connection points have to be made of very rigid and strong materials.
The interior structure is rather simple, but the outer protection, namely,
the rubber sheath (made of silicone, i.e., Ecoflex30, Smooth-On Inc.), is
another crucial component. As the wrapped sheath is prestretched, its
elasticity allows it to keep pulling the upper frame toward the lower
one, ensuring the integrity by not just heavily relying on the three actuation
tendon tensions. This also provides resistance to torsional force, and
helps restore the joint to its original or natural equilibrium. Based on
our previous implementations of FBG-based shape sensing,[38,39] an opti-
cal fiber with a single core of 18 FBGs (FBGS International) was helically
wrapped inside the shallow groove on the soft sheath and sealed using
silicone adhesive (Sil-Poxy, Smooth-On Inc.). It functions as a high-level
sensor capable of sensing the joint configurations in real time (≥100 Hz)
for closed-loop feedback control. To demonstrate a certain level of high-
power density performance, we prefer to design the joint in smaller form
factors, with OD∅56 mm, 61mm long and a weight of just about 60 g,
including the 35 g silicone sheath.

Basic Geometric Model: To formulate the tensegrity joint kinematics for
establishing its controller, the complex motion of the joint was first elabo-

rated. As shown in Figure 8a, the central tendon (PQ
�!

) involves motions
denoted by polar angle θ and azimuth angle φ, both are rotated about the
apex of the lower frame (point P), making the point Q lies in a spherical

surface SQ∶ ¼ fðQx , Qy, QzÞjjPQ
�!j¼mg, where m is the central tendon

length. Simultaneously, the joint upper frame could rotate about Q and

around its horizonal arm (QM
��!

), respectively, by angles λ and σ. Thus,
the distal end of the joint, regarded as point E, lies in a set SE

SE∶ ¼ ðEx , Ey, EzÞjjEQ�!j ¼ n, EQ
�! ⋅QM

��! ¼ 0,M ∈ SM,Q ∈ SQ
n o

(1)

where SM∶ ¼ ðMx ,My,MzÞjjQM
��!j ¼ r, Q ∈ SQ

n o
is a set of circles with

center points following the movements of point Q; n ¼ jAuM
��!j and

r ¼ jEAu
��!j, respectively, are the height and the radius of the upper frame.

Note that the tensegrity structure is fully constrained by the actuation ten-
dons; the actual task space ST is a subset of SE that satisfies the boundary
conditions decided by static equilibriums. The angles, λ and σ, are both
dependent on the angles, θ and φ. This task space ST formed from the
complex motions of the upper frame is not a spherical surface, unlike
the typical rotary/universal joints (Figure 8b). With the presence of the afore-
mentioned geometry constraints, analysis of the statics equilibriums usually
involves singular matrices, making it very difficult to formulate a closed-form
of the mapping between the task space ST and the corresponding tendon
actuation configurations (q ¼ ½jαj, jβj, jγj�T). Though numerical con-
strained optimization methods such as the force density method[42] and
dynamic relaxation[43] have been proposed to deduce this mapping, deter-
mining the initial configurations for effective optimization is still an open
problem. Therefore, we intend to apply data-driven methods to learn the
joint kinematics, for which a basic geometric model was devised to initiate
possible tendon configurations for sampling and model training.

The basic geometric model is deduced based on two assumptions:
1) there is no axial rotation of the central tendon in the absence of external
disturbance; 2) the central tendon is always perpendicular to the upper
frame so that angels λ and σ are set and not changed, as it is designed

to be short for less overlap between the two frames. Thus, QM
��!

is always

perpendicular to PQ
�!

and parallel to the plane containing points P, Al, and
O. Actuation tendon vectors α, β, and γ can be expressed as follows

α ¼ n�m
m

PQ
�!�QM

��!� OP
�!� AlO

��!
(2)

β ¼ n�m
m

PQ
�!� EBu

��!� OP
�!� BlO

��!
(3)

γ ¼ n�m
m

PQ
�!� ECu

��!� OP
�!� ClO

��!
(4)

Given the angles θ and φ, the actuation lengths and vectors can be
solved by
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8>>>>><
>>>>>:

αx ¼ ðn�mÞsinθcosφ
αy ¼ ðn�mÞsinθsinφ� rcosθ

ψ
þ r

αz ¼ ðm� nÞcosθ � rsinθsinφ
ψ

� n

(5)

8>>>>>><
>>>>>>:

βx ¼ ðn�mÞsinθcosφþ
ffiffi
3

p
rðψ�1Þ
2

βy ¼ ðn�mÞsinθsinφ� rð ffiffiffi
3

p
sin2θsinφcosφ� cosθÞ

2ψ
� r
2

βz ¼ ðm� nÞcosθ þ rsinθðsinφþ ffiffiffi
3

p
cosφcosθÞ

2ψ
� n

(6)

8>>>>>><
>>>>>>:

γx ¼ ðn�mÞsinθcosφ�
ffiffiffi
3

p
rðψ � 1Þ
2

γy ¼ ðn�mÞsinθsinφþ rð ffiffiffi
3

p
sin2θsinφcosφþ cosθÞ

2ψ
� r
2

γz ¼ ðn�mÞcosθ þ rsinθðsinφ� ffiffiffi
3

p
cosφcosθÞ

2ψ
� n

(7)

where ψ ¼ ðcos2θ þ sin2θsin2φÞ12. Note that, up to this point, angles, λ
and σ, are not yet solved to form a complete kinematics of the presented
joint. A learning-based numerical approach is needed.

Learning-Based Control: As the tensegrity (inverse) kinematics is com-
plicated by non-closed-form correlation between the task space (ST) and
the tendon actuation space (q), we intend to employ data-driven

Figure 8. a) Key geometric parameters defined to deduce the joint kinematics. Four angles, θ, φ, λ and σ, determine the joint configuration, but angles λ
and σ are actually dependent on θ, φ, as a result of the 2 DoFs in the joint. b) Three possible joint configurations. Note that the end-effector positions (in
red) form a task space that is not a spherical surface as found in typical rotary joints. It is generated by a rather complex swinging motion of the upper
frame about the apex, P, of the lower frame.

Figure 9. Proposed control schematic. Joint actuation space, q, and tracked tip position, z, are two key parameters covering all the units for robot sensing,
control and actuation.
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approaches capable of learning the analytical kinematics, as well as the
control model based on sensing feedback. This approach outcome has
to be supported by a large amount of high-quality sampled data for the
learning. A two-step sampling approach based on the basic geometric
model (Section 4) is proposed. In the first step of sampling, an actuation
sequence containing initial tendon configurations was generated by
the basic geometric (BG) model, such that qi ¼ ½jαij, jβij, jγij�T ¼
BGðθi,φiÞ, where i ∈ f1, 2, : : : ,Ng is the sample index,N is the total num-
ber of samples and the input angles variation as θi ∈ ½0, 25°� and
φi ∈ ½0, 360°�. Up to the second step, during the actual joint movement,
all the actuation sequence has to be executed, in which the tendon com-
binations could be corrected in a torque-control manner by multiple trials

of releasing (q̂) and pulling (q
�
) the tendon individually. Till all the three

tendons tightened properly below the maximum motor torque threshold
preset, the structure was ensured in static equilibrium, and then the task
space sample, namely, the tracked tip position, and its actual configuration
sample, which is the tendon length, were both recorded as a training data-
set. Once N datasets are collected, an NN model with one hidden layer of
100 neurons is implemented to train controllers. The activation of tanh
was exploited in the data training. The used L2 loss could be denoted by

Loss ¼ 1
N

XN
i¼1

kqGi � qPi k
2

(8)

where qGi and qPi are the ground truth and the prediction of actuation con-
figuration, respectively.

For the training of open-loop controller, N= 2237 pairs of 2D tracked
tip positions (z) and the corresponding tendon configurations (q) were
regarded as input and output, respectively. For the training of closed-loop
controller, position pairs, in which the tip separations were less than a
preset step size, were searched randomly at first, forming a dataset
(10 000 samples) of joint motions in various directions. Then these rela-
tive positional changes (Δz), together with their target positions (z�), were
taken as input. And the relative changes in tendon lengths (Δq) for each
motion were taken as output.

Regarding the sensing feedback, it is required to create the mapping
between FBG-strains and tip positions, for which we also adopted a
data-driven approach. The joint was commanded to move along a spiral
path within the workspace, during which the FBG-strains and the EM-
tracked tip positions recorded were regarded as input and output, respec-
tively. An NN model with one hidden layer of 100 neurons was utilized for
training using 1275 samples. The schematic diagram of the proposed
learning-based control method is shown in Figure 9.
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