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Touchless interactive teaching of soft robots
through flexible bimodal sensory interfaces

Wenbo Liu 1,7, YouningDuo1,7, Jiaqi Liu 1,7, FeiyangYuan1,7, Lei Li 1, Luchen Li1,
Gang Wang1, Bohan Chen1, Siqi Wang1, Hui Yang2, Yuchen Liu3, Yanru Mo3,
YunWang1, Bin Fang4, Fuchun Sun4, Xilun Ding 1, Chi Zhang 5,6 & Li Wen 1

In this paper, we propose a multimodal flexible sensory interface for inter-
actively teaching soft robots to perform skilled locomotion using bare human
hands. First, we develop a flexible bimodal smart skin (FBSS) based on tribo-
electric nanogenerator and liquid metal sensing that can perform simulta-
neous tactile and touchless sensing and distinguish these two modes in real
time.With the FBSS, soft robots can react on their own to tactile and touchless
stimuli. We then propose a distance control method that enabled humans to
teach soft robots movements via bare hand-eye coordination. The results
showed that participants can effectively teach a self-reacting soft continuum
manipulator complex motions in three-dimensional space through a “shifting
sensors and teaching”method within just a fewminutes. The soft manipulator
can repeat the human-taught motions and replay them at different speeds.
Finally, we demonstrate that humans can easily teach the soft manipulator to
complete specific tasks such as completing a pen-and-paper maze, taking a
throat swab, and crossing a barrier to grasp an object. We envision that this
user-friendly, non-programmable teaching method based on flexible multi-
modal sensory interfaces could broadly expand the domains in which humans
interact with and utilize soft robots.

Soft robots have attracted growing attention for their enormous
potential in real-world applications1–8. Because they are highly con-
formable, soft robots have extraordinary advantages over rigid robots
for safely interacting with humans in a wide range of environments9–13.
However, because soft robots are challenging to model and program,
non-specialists often face non-negligible obstacles when working with
soft robots to achieve specific movements and perform certain
tasks14–18. An interactive teaching method, which could efficiently and
flexibly “teach” soft robots movement patterns, would dramatically
benefit human users at home, on production lines, and in other

unstructured environments (Fig. 1). Unlike rigid robots19–21, there are
very few studies demonstrating the teaching of soft robots through
human interaction. This is because there are twoprimary challenges to
achieving soft robotic teaching through human interaction: the pro-
cess requires (1) a multimodal, versatile, and robust flexible sensing
device for interactions between a soft robot and humandemonstrator;
and (2) a user-friendly, non-programmable teaching method to trans-
fer a human demonstrator’s instructions to the soft robots.

Regarding the first challenge, most previous studies have focused
on tactile sensing for soft robots that can only respond to physical
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touch and not respond to touchless stimuli. Triboelectric nanogen-
erator (TENG), which harnesses the coupled effect of contact elec-
trification and electrostatic induction, can transduce both tactile and
touchless stimuli into electrical signals22–26. Triboelectric sensors based
on TENGs have unique advantages for soft robots due to their wide-
ranging material makeup (e.g., from low to high Young’s modulus),
easily fabricated simple structure, high sensitivity, and fast response
times27–32. Previous studies that utilized flexible triboelectric materials
and structures have made remarkable progress in pressure and stress
sensing33–38. Preliminary works that explore touchless sensing have
also emerged39–42. However, because tactile and touchless stimulations
result in identical trends in electric variation, it is challenging for
triboelectric sensors to distinguish between tactile and touchless sig-
nals accurately in real-time43,44 (Supplementary Fig. 1A, B and Supple-
mentaryMovie 1). Thus, flexible triboelectric sensors capable of tactile
and touchless real-time sensing remain to be researched, which may
lay a research foundation for a new paradigm of soft robotic inter-
active teaching.

Regarding the second challenge, the interactive teaching of soft
robots (e.g., the soft continuum manipulator) is little understood.
Traditionally, the primary principle has been based on contact teach-
ing for rigid robotic manipulators with few degrees of freedom45,46.
This principle was commonly achieved by manually moving the
manipulators under controlled, low-impedance modes while the
manipulators’ encoders recorded the kinematics of the teaching pro-
cess for replaying the motion. However, this type of contact teaching
cannot be applied to soft robots for two reasons. First, the infinite
degrees of freedom and compliant nature of a soft continuum
manipulator make it challenging for a user to control explicitly, unlike
the discrete configurations of a rigid manipulator47. Second, the
contact-based teaching method for soft continuum robots produces
passive deformation, and measuring these deformed configurations
requires a large number of soft sensors (either embedded in or on the
surface of the robot) to reconstruct the robot’s three-dimensional
kinematics48,49. Given these challenges, is it possible to interactively
teach soft robots through a flexible sensory interface? Can non-
specialist users instruct soft robots to realize operational tasks in
unstructured environments without programming?

Here, we develop a flexible bimodal smart skin (FBSS) with both
tactile and touchless sensing by integrating a triboelectric sensor with
a liquid metal sensor. The triboelectric sensor can respond to touch-
less stimulation, and the liquid metal sensor can respond to tactile
stimulation. On this basis, the implemented FBSS can unambiguously
distinguish between tactile and touchless modes in real time. We then
characterize the sensing performance of the FBSS for both tactile and

touchless sensing. Finally, we build a control framework for interactive
teaching with the FBSS. We also propose a “shifting sensors and
teaching” method for teaching complex locomotion, which involves
moving FBSS to different locations on amanipulator during a teaching
session. We show that a non-specialist can efficiently and interactively
teach a continuum soft manipulator picking-and-placing, painting,
throat-swabbing, and crossing a barrier to grasp an object. In addition,
we also test the interactive performance of the FBSS on other soft
robots including a soft origami robot and a robotic gripper.

Results
Working principle and sensing performance of FBSS
The flexible bimodal smart skin (FBSS) structure contains five flexible
layers (Fig. 2a and “Methods” section). The flexible dielectric layerwas
fabricated by casting silicone rubber (Smooth-on, Dragon skin 00-20)
in the mold with pyramid-shaped microstructures. The flexible elec-
trode layer was fabricatedwith patternedAgnanowire (NW) networks
and was transferred by mixing polydimethylsiloxane (PDMS) base
with a curing agent (Dow Corning, Sylgard184) at a typical weight
ratio of 10:1. The stimulation layer, underneath the electrode layer,
was fabricated using a similar method to that of the flexible dielectric
layer. The surfaces of the flexible dielectric layer, flexible electrode
layer, and stimulation layer formed chemical bonds after being trea-
ted with plasma (OPS plasma, CY-DT01). The liquid metal layer was
first printed with a liquid metal printer (DREAM Ink, DP-1) and then
the package layer (Smooth-on, Dragon skin 00-20) was used to
transfer and contain the liquid metal. The stimulation layer was
bonded to the package layer via a silicone rubber adhesive (Smooth-
on, Sil-Poxy). The electron microscope image was taken for the fab-
ricated pyramid-shaped microstructures, the height and width of
the pyramid-shaped microstructures are 320μm and 500μm,
respectively (Fig. 2b). The optical photo was taken for the printed
liquid metal pattern, and the width of the liquid metal line is about
300μm (Fig. 2c). The FBSS can be folded and stretched (maximum
stretching rate is 58.4%), which demonstrates its excellent flexibility
and stretchability (Fig. 2d, e).

The complete tactile and touchless perception principle of the
FBSS is divided intomultiple stages (Fig. 2f). During the initial stage (i),
equal negative and positive charges are generated on the flexible
dielectric layer and external object from different electron affinities
after a few repeated contacts. These surface charges can remain for a
sufficient time (over 1 h) for the interactive teaching process (Supple-
mentary Fig. 2). At stage (ii), as the external object approaches the
flexible dielectric layer, the electric potential between the electrodes
andgroundwill be changed,whichdrive free electrons toflow from the
ground to the flexible electrode, thus generating a current in the cir-
cuit. Note that the resistance of the liquid metal sensor remains stable
as no contactpressure force acts on the FBSS during this stage. In stage
(iii), the FBSS starts to deform with contact pressure from the external
force that acts on the silicone rubber. The external object is closer to
the flexible electrode during this stage, so the free electrons flow fur-
ther from the ground to theflexible electrode andgenerate a current in
the same direction. The liquidmetal layer is compressed and the cross-
sectional area of the liquid metal channel decreases, causing its resis-
tance starts to increase. During stage (iv), when the external object is
entirely in contact with the FBSS, the distance between the object and
the flexible dielectric layer is compressed to the minimum. Charge
neutralization occurs and the free electrons stop moving and the
resistance of the liquid metal reaches the maximum. In stage (v), when
external pressure is released, the free electrons flow back from the
flexible electrode to the ground and generate a current in the opposite
direction. The resistance of the liquid metal decreases with the
recovery of the channel shape. In stage (vi), when the external object
separates from the flexible dielectric layer, the number of electrons
increases thatflowingback to the ground, andgenerate a current in the

Soft robot

EnvironmentHuman

Fig. 1 | A depiction of the principle of touchless human-soft robot interaction
based onflexible smart skin.Humans can “teach” the robot to accomplish various
tasks by manipulating the robot in a touchless manner.
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same direction as the previous state. The resistance of the liquid metal
remains stable as the disappearance of physical contact between the
external object and FBSS. Finally, when the external object is far away
from the FBSS, a new electrical equilibrium is established.

We implemented a measurement system to investigate the per-
formance of the FBSS (Supplementary Fig. 3). The FBSS was fixed on a
flat plate assembled on top of a force gauge (ATI Industrial Automa-
tion, mini40). The external object was attached to the end of the linear
motor actuator (LinMot, E1100), which can cyclically approach and
press the FBSS. A piece of glass, set 20mm away from the FBSS, was
used as the external object for the tactile and touchless sensing tests.
The effect of approach distance on the output signals of the FBSS was

first tested (Fig. 3a). The touchless output signal ΔU decreased expo-
nentially from 11.35 to 0V as the distance increased from 0 to 20mm.
The tactile output signal ΔR of the FBSS remained stable without var-
iation. Electrostatic induction steadily weakened as the distance
increased between the external object and the FBSS, and the output
voltage decreased in step. We also studied the relationship between
output signals and vertical pressure acting on the FBSS (Fig. 3b). As
pressure increased from0 to 30 kPa, the tactile output signalΔR of the
FBSS increased from0 to 17.24Ω and the touchless signalΔU increased
from 0 to 3.2 V. The cross-sectional area of the liquid metal channel
decreased with increasing external pressure, which resulted in its
resistance increase. With the pressure increase, the external object is
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Fig. 2 | Design and sensing mechanism of the proposed tactile/touchless flex-
ible bimodal smart skin (FBSS). a Soft sensor design with different functional
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material (black), and a package layer (orange). b Electron microscope image of the
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prototype: (i) The equal density of negative and positive charges was generated on
the flexible dielectric layer (gray) and external object (red) due to the different

electronaffinities after a fewcontacts. (ii) The free electronsweredriven toflow from
the ground to the flexible electrode as the external object approached the flexible
dielectric layer. (iii) The external object (red) starts to contact the FBSS, increasing
the transfer of electrons, and the liquid metal resistance increases. (iv) The external
object (red) is entirely in contact with the FBSS; charge neutralization occurs and the
free electrons stop moving and the resistance of the liquid metal reaches the max-
imum. (v) As the external pressure was released, the electrons flowed back from the
flexible electrode (gray) to the ground, and the resistance of the liquid metal
decreased as the channel recovered to its intial state. (vi) As the external object (red)
was separated from the FBSS, the backflowelectrons increased and the liquidmetal’s
resistance remains stable.
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closer to the FBSS. This also enhances the electrostatic induction
between the external object and the FBSS. Because different materials
have different electron affinities, material types can affect the surface
charge density of the flexible dielectric layer. Therefore, the FBSS can
be used formaterial identification (Fig. 3c). The tactile signalΔR always
remained at 0 kPa, while the touchless signal varied permaterial with a

test distance of 20mm. This allows the FBSS to distinguish between
materials in real time. The dynamic response of the tactile sensing
of the FBSS is about 120ms, which is close to that of human skin
(Supplementary Fig. 4A, B). The tactile and touchless signal noises are
0.04Ω and 0.12 V, respectively (Supplementary Fig. 5A, B). The max-
imum signal-to-noise ratio (SNR) of the touchless signal and tactile
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signal are 94.58 and 431.03, respectively (Supplementary Fig. 5C, D).
The maximum resolutions measured in the touchless and tactile
experiments are 0.05mm and 0.35 kPa, respectively (Supplementary
Fig. 6A, B).

To evaluate how environmental factors affect the sensing per-
formance of the FBSS, we experimentally tested the effects of tem-
perature, humidity, and electromagnetic interference on the FBSS.
The output touchless signal increases as the temperature increases
from 15 to 30 °C, and then remains stable with further temperature
increases (Fig. 3d). The output tactile signal remains almost invariant
with an increase in temperature. We investigated the effect of
humidity on the output signals of the FBSS (Fig. 3e). The touchless
signal decreases gradually as humidity increases from 31.4 to 71.4%.
The output tactile signal remains almost invariant with an increase in
humidity. The touchless and tactile signals remain unchangedwith an
increase in electromagnetic interference (Fig. 3f). The long-term
stability of the FBSS is also validated under an external pressure of 10
kPa and a distance of 20mm. We measured outputs of the FBSS over
1200 cycles in the same condition (Fig. 3g). The results show no
obvious waveform changes, which points to the long-term usage of
the FBSS.

We performed a series of tests to verify the FBSS’s sensing ability
when interacting with humans and the external environment. Firstly,
the FBSS was used to detect the falling process of a tennis ball, which
was placed above the FBSS at an initial height of 200mm (Fig. 3h). A
high-speed camera (Photron Ltd, FASTCAM Mini UX100) recorded
the entire process at a sampling rate of 250 fps, while the FBSS
recorded both tactile and touchless signals. The falling process was
divided into three stages (Fig. 3i and Supplementary Movie 2). In
stage (i), the tennis ball starts to fall from the initial height and
approaches the FBSS. However, the tennis ball has not yet entered the
detection range of the FBSS, so its output signals remain stable. In
stage (ii), the tennis ball continues to fall and enters the FBSS’s
detection range. The touchless signal ΔU decreases from 0 to −4.56 V
and the tactile signal ΔR remains 0Ω because the tennis ball has not
yet come into contact with the FBSS. In stage (iii), the tennis ball
contacts the FBSS. The touchless signal ΔU decreases further from
−4.56 to −5.81 V and the tactile signal ΔR drastically increases from 0
to 0.83Ω. In addition, we also show that the FBSS can perceive and
distinguish the touchless distance of a feather falling through the air
(Supplementary Movie 3).

We tested the tactile and touchless sensing ability of the FBSS on a
human finger. The FBSS was connected to a sample circuit that con-
trols two LEDs based on tactile (blue LED) and touchless (red LED)
sensory feedback (Fig. 3j). We recorded the entire process of a finger
approaching and pressing the FBSS (Fig. 3k and Supplementary
Movie 4). During stage (i), the finger was 50mm away from the FBSS’s
surface, both LEDs were off. During stage (ii), as the finger approached
the FBSS, the red LED lit up while the blue LED remained off. The
recorded sensory data showed that the output touchless signal ΔU
increased from 0 to 0.56 V while the output tactile signal ΔR remained
unchanged. During stage (iii), the finger pressed on the FBSS, the blue
LED lit up and the red LED’s brightness increased. This result intuitively
demonstrates that the FBSS can perceive tactile and touchless infor-
mation from a human finger.

Self-reacting soft robots equipped with FBSS
To equip a soft robot with the FBSS, we integrated the FBSS with a soft
manipulator segment that couldbebent and shortened. Ahumanhand
could touchlessly control the soft manipulator segment’s bending and
shortening motions (Fig. 4a, b and Supplementary Movie 5). The soft
manipulator segment was programmed to deform when the touchless
output signal of the FBSS reached a predetermined threshold value
(the control flowchart is provided in Supplementary Table 1). A soft
origami robot equippedwith anFBSSburied in the sand couldperceive
the approach of a robotic bug and grasp the bug by inflating its
actuator (Fig. 4c and Supplementary Movie 6).

By integrating the FBSS with the tip of a soft robotic gripper, we
endowed it with the ability to “search and grasp” objects through
tactile and touchless sensing (Supplementary Fig. 7A, B and Supple-
mentary Movie 7). The whole process can be divided into different
stages (Fig. 4d, e). Initially, both the tactile signal ΔR and the touchless
signal ΔU were negligible. As the rigid robotic arm moves horizontally
and the gripper approaches the plastic cylinder, the touchless signal
ΔU starts to rise and the tactile signalΔR remains low.The threshold for
the touchless signal to “identify” a target object was set to 0.1 V. Once
the signal surpassed this level, the soft robot began to grip the target.
The tactile signalΔR rose and the touchless signal ΔU increased further
until a stable grip was achieved. These experimental scenarios illus-
trate that the FBSS can effectively enable soft robotic interactions
through tactile and touchless perception.

Interactive teaching of the soft manipulator
To further explore the more intelligent interaction between the soft
robot and humans, we presented a flexible interface and interactive
method with the FBSS (Fig. 5 and “Methods” section). Through the
flexible interface and interactive method, we demonstrated that
humans could interactively teach a soft manipulator to move in two-
dimensional (2D) and three-dimensional (3D) space.

Based on the interactive teaching method, a user taught the soft
manipulator to grasp an object in 2D space (Fig. 6a and Supplementary
Movie 8). For a simpler explanation, we divide the teaching process
into four steps. In step (i), we showed the user’s ability to control the
initial length of the soft manipulator by altering the distance between
the user’s hand and the FBSS. This step allowed the user to select an
effective length of the soft manipulator in the first 5 s. In step (ii), the
user touchlessly “bent” the soft manipulator by approaching the FBSS
sensorwith a hand.More specifically, the user chose to apply a strategy
ofmultiple approaching-leaving actions to “bend” the softmanipulator
in several large, discrete steps to move it towards the target object.
During this process, the fluctuation range of the normalized touchless
signal ΔU varied from 0 to almost 1. In contrast, the output tactile
signal ΔR remained unchanged at nearly 0. In step (iii), when the soft
manipulator approached the target position, the user switched from
large steps to small steps tomove the soft manipulator to the final few
centimeters.Here, the normalized touchless sensoryoutput fluctuated
between 0.2 and 0.5. In step (iv), when the soft gripper reached the
target object, the user pressed the FBSS to trigger the graspingmotion.
The drastic increases in the normalized touchless and tactile signals
can be observed. Through our logic algorithm, the soft manipulator
terminates the teaching task and closes the gripper when the tactile

Fig. 3 | Characterization results of the proposed FBSS prototype for tactile and
touchless sensing. a Tactile (cyan) and touchless (orange) output signals were
tested under different distances between a surface (glass) and the FBSS. b Tactile
and touchless output signals under different loading pressure. The supplementary
materials and methods provided more details about the loading experiments.
c FBSS’s output signals at surfaces with different materials (with an above distance
of 20mm). The reactions of the FBSS to environmental change, including
d temperature, e humidity, and f electromagnetic interference. g The prototype’s

stability and durability tests show that the FBSS can sustain over 1200 loading-
unloading cycles of compression tests with a distance of 20mm and a pressure of
10 kPa. h, i High-speed images and output signals of the FBSS when a tennis ball
drops onto it (drop distance: 200mm). j, k Image and output signals of the FBSS
when a human finger presses on it. A red light-emitting diode (LED) was pro-
grammed to turnonwhen the induced touchless signal exceeded a thresholdvalue;
the blue LED turned on when the finger touched the FBSS. Error bars represent
standard deviation, n = 5 independent replicates.
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signal output exceeds a threshold value (Supplementary Table 2).
Finally, the softmanipulator successfully gripped the target object and
automatically returned to its initial position.

As the systemsimultaneously records thedrive step size sequence
of the soft manipulator in the teaching process, one can actuate the
soft manipulator to repeat the movements and “replay” the entire
taughtmotions. We compared the real-time driven air pressure during
the teaching and repeating processes (Supplementary Fig. 8A, B). The
two air pressure curves show almost identical changes during both
processes. We demonstrated the interactive teaching results by
showing the soft manipulator grasping objects at low, medium, and
high positions (Supplementary Movie 9). The teaching process took
53, 53, and 59 s, respectively. The trajectories of the soft manipulator
during the teaching and replaying phases coincided well with each
other (Fig. 6b–d). One can also replay the teaching trajectories in a
sped-up and slowed-down manner (Supplementary Movie 10), adding
to the flexibility of the manipulator’s task execution.

We also performed interactive teaching of object-grasping in a
constrained environment, where anobstacle was placed on the path of
the soft manipulator (Supplementary Fig. 9A–E). The results show that
the soft manipulator can successfully grasp an object within 40 s
while encountering an obstacle that causes contact deformation

(Supplementary Movie 11). In typical situations, enabling soft manip-
ulators to work in a constrained environment requires a great deal of
modeling and programming work. In contrast, no additional pro-
gramming was required with the current interactive method.

We realized interactive teaching in 3D space by integrating two
FBSSs on the soft manipulator (The logic algorithm is shown in Sup-
plementary Table 3). The user interactively taught the soft manipulator
to grasp anobject out of the bendingplanewith both hands (Fig. 6e and
Supplementary Movies 12, 13). The entire teaching process can be
divided into four steps. In step (i), as with interactive teaching in planar
space, the user applied a left hand to “bend” the soft manipulator in
several large, discrete steps via multiple approaching-leaving actions
(applied to FBSS I). The normalized touchless signalΔUof FBSS I ranged
from 0 to about 1. In step (ii), the user switched from a large to small
step size tomove the softmanipulatormore slowly andposition the soft
gripper on the same horizontal level as the target object. The normal-
ized touchless signal ΔU of FBSS I remained around 0.5 during this
stage. In step (iii), the user applied a right hand to FBSS II, moving the
softmanipulator out of the original plane. The end effector reached the
target object after a few of these repeated right-hand approaching-
leaving actions. The normalized touchless signal ΔU of FBSS II also
ranged from 0 to about 1. Finally, in step (iv), once the soft gripper
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reached the target object, the user pressed the FBSS I to trigger
grasping. We compared the real-time driven air pressure during both
the teaching and repeating processes (Supplementary Fig. 10A, B). The
two air pressure curves show almost identical changes during both
processes. We also demonstrated that interactive teaching allows the
soft manipulator to grasp objects in low, medium, and high positions,
respectively (Supplementary Movie 14). These teaching processes
took 51, 56, and 61 s, respectively. All three manipulator trajectories
during teaching and repeating show excellent agreement (Fig. 6f–h).

This result indicates that users can effectively teach the manipulator to
moveandperformactions in3Dspace. Since theexperiment,more than
ten novices have been successful at interactively teaching the soft
manipulator to grasp a target object in 3D space.

To demonstrate an intelligent FBSS placement strategy, we used
an FBSS to controlmultiplemotionmodes for the softmanipulator. By
changing themounting position of the FBSS on the softmanipulator, it
can be taught tomove left, right, and backward (Supplementary Fig. 11
and SupplementaryMovie 15). The trajectories of the soft manipulator
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during the teaching and replaying phases, as in the previous experi-
mental procedure, coincided well with each other. To evaluate the
usability of the interactive teaching method, we performed a teaching
experiment with multiple participants, including two sophisticated
experts (researchers of this project) and three novices with no
experience with an interactive robotic system. We attached a laser
pointer to the end of the soft manipulator to assess positioning

accuracy (Supplementary Fig. 12A). The participants could control the
positionof the laser pointer on a target by touchlessly teaching the soft
manipulator. We measured the positioning error after each partici-
pant’s teaching sessions ten times. The results showed that the posi-
tioning error for the experts was <10mm for all ten trials, while the
positioning error for the novices was relatively large in early trials
(Supplementary Fig. 12B). Notably, after at most 8 attempts, all the
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participants’ positioning errors were less than 10mm. This result
suggests that non-specialists can quickly learn how to position the soft
manipulator accurately through interactive teaching.

To enable the interactive teaching of the soft manipulator with
even more complex locomotion, we proposed the “shifting sensors
and teaching”method (Fig. 5a and Supplementary Fig. 13). Specifically,
the FBSSwas placed on a flexible, arc-shaped patchwith threemagnets
behind it. Several small magnetic cylinders were placed around the
bottom of each segment of the soft manipulator. With the magnetic
attachment, the FBSS can be shifted to different positions on the soft
manipulator in a rapid, accurate manner. Therefore, the human
demonstrator can select a segment for interaction, easily shift the FBSS
patch to the corresponding segment and then teach the soft manip-
ulator in a touchless manner. Thus, we name this method “shifting
sensors and teaching”.

With the proposed “shifting sensors and teaching” method, we
show the interactive teaching of the soft manipulator with complex
locomotion in 2D and 3D spaces. The normalized touchless and tactile
signals of FBSS I and FBSS II are also plotted against time (Fig. 7).

With the “shifting sensors and teaching” method, a user inter-
actively taught the soft manipulator to achieve a 2D “S” shape (Fig. 7a
and SupplementaryMovie 16). In step (i), two FBSSswere placedon the
bottom of the third segment of the soft manipulator. When the
demonstrator’s two hands approached the two FBSSs simultaneously,
all three segments of the soft manipulator shortened and entered the
teaching mode. In step (ii), the demonstrator shifted the FBSS I to the
right side of the first segment and then used their right hand to bend
the first segment to the left. Then the demonstrator pressed the FBSS I
to lock the first segment (iii). In step (iv), the demonstrator shifted the
FBSS II to the second segment’s left side, used their left hand to bend
the second segment to the right, and then pressed FBSS II to lock the
second segment. In step (v), the FBSS I was shifted to the right side of
the third segment. The demonstrator used the right hand to bend the
third segment to the left then pressed FBSS I to lock the third segment
and finished the touchless teaching session. According to thismethod,
we realized a planar “S”-shaped configuration of the soft manipulator
using the “shifting sensors and teaching”method by shifting the FBSS
sensors three times.

We show an interactive teaching session involving complex
locomotion in 3D space by applying the “shifting sensors and teach-
ing”method (Fig. 7b and SupplementaryMovies 17, 18). In step (i), the
soft manipulator was triggered to enter the teaching mode. In step
(ii), the demonstrator shifted the FBSS II to the right side of the first
segment and thenused the right hand to bend the first segment to the
left. Then the demonstrator pressed the FBSS II sensor to “lock” the
first segment in the current direction (iii). In step (iv), FBSS I was
shifted to the back of the first segment, and the right hand “bent” the
soft manipulator to move outward. Then the first segment was
“locked” by pressing the FBSS I. In step (v), the FBSS II was shifted to
the left side of the second segment. The demonstrator used the left
hand to bend the second segment to the right and “locked” the sec-
ond segment in the current direction by pressing the FBSS II. In step
(vi), the FBSS I was shifted to the front of the second segment. Then

the demonstrator used the right hand to bend the second segment
inward and “locked” the second segment by pressing the FBSS I. In the
final step (vii), the FBSS II was shifted to the left side of the third
segment. The demonstrator used the left hand to bend the third
segment toward the right then pressed FBSS II to lock the third seg-
ment, and finished the touchless teaching session. Thus, we realized a
complex 3D configuration (note that all nine chambers of the soft
manipulatorwere involved) of the softmanipulator using the “shifting
sensors and teaching”method by shifting the FBSS sensors five times.
These teaching processes took 197 and 350 s, respectively. The
experimental results show that the “shifting sensors and teaching”
method is simple and effective in enabling complex 3D configurations
of soft continuum robots.

We show that a human can interact closely with the soft manip-
ulator to complete another challenging task. The watercolor pen was
installed at the end of the manipulator (Fig. 8a). With this setup, we
taught themanipulator to executemovements to “navigate” amaze on
paper (Fig. 8b and Supplementary Movie 19). The soft manipulator
repeated the trace after teaching (Fig. 8c). The output signals of FBSS I
and II were recorded over the ∼240 s teaching period (Fig. 8d).

We also show themanipulator’s ability to perform a critical task in
the context of public health. As the coronavirus pandemic continues to
range around the world, throat swabs have become a common prac-
tice for medical testing. However, this undoubtedly has put a burden
on medical workers who risk infection during the collection process.
To address this issue, we used the interactive system to teach the soft
manipulator to take a throat swab (Fig. 8e, f and Supplementary
Movie 20). First, a cotton swab was installed at the end of the soft
manipulator. The user could then touchlessly bend the first two seg-
ments of the soft manipulator by hand to control the position of the
swab. Once the swab reached the target position, the user elongates
the soft manipulator’s third segment by pressing the FBSS to and
collect the throat swab sample. The intelligent interactive system is
simple enough for medical workers to use without extensive training,
and the soft manipulator can repeat the action autonomously after
only a single teaching process. Comparedwith traditional rigid robots,
soft manipulators are inherently safer for human interaction, because
of their soft materials and compliant structures. The real-time driven
air pressure was compared during the teaching and repeating pro-
cesses (Supplementary Fig. 14). The two air pressure curves show
almost identical changes during both processes.

Finally, we show that the softmanipulator canbe “taught” to cross
a barrier and successfully grasp an artificialflower by shifting the FBSSs
five times (Fig. 8g and Supplementary Movies 21, 22). To cross the
barrier, we touchless controlled the third segment to bend outward (i)
and the first segment to shorten. Then the second segmentwasbent to
the right (ii), and the third segment was bent upward (iii) and inward.
To grasp the flower, the third segmentwas bent downward (iv) and the
gripper grasped the flower by pressing the FBSS II (v), and the whole
process lasted about 318 s. The experimental result shows the advan-
tages of the “shifting sensors and teaching” method in the practical
application of soft robotmulti-degree-freedomcontrol, andprovides a
new scheme for multi-degree-freedom control of the soft robot.

Fig. 6 | Interactive teaching of the self-reacting soft manipulator in 2D and 3D
space. a Tactile and touchless signals of the FBSS during two-dimensional teaching
process, and the time instants of a user teaching the soft manipulator to grasp an
object in a touchlessmanner. i Before bending & grasping the softmanipulator, the
user chose an adequate length of the soft manipulator by controlling the distance
between the hand and the FBSS (orange shading). ii The user initially applied a large
step size by putting a hand very close to the FBSS (blue shading), then in step iii
applied a small step control by keeping a short distance from the FBSS (green
shading). iv When the soft gripper reaches the object, the user pressed the FBSS
“button” to grasp the object (purple shading). b–d Comparison of teaching and
repeating trajectories while grasping objects in three different positions. e Tactile

and touchless signals of FBSS I and II during three-dimensional teaching, and time
instants of a user touchlessly teaching the soft manipulator to grasp an object in
three-dimensional space. i The user controlling planar bending in large steps with
left-hand approaches toward the FBSS I (blue shading). ii The user controlling
planar bending in small steps (also with left-hand approaches toward FBSS I)
(purple shading). iii The user controlling out-of-plane bending with right-hand
approaches toward FBSS II (green shading). iv When the soft gripper reaches the
object, the user presses the FBSS “button” to grasp the object (orange shading).
f–h Comparison of teaching and repeating trajectories while grasping objects in
three different positions. The trajectories are illustrated in three-dimensional space
(x–y, y–z, and x–z planes).
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Discussion
In this paper, we developed a flexible bimodal smart skin (FBSS)
prototype that responds to tactile and touchless stimulations and
distinguishes between the two modes in real time. With the FBSS as
an interface, we proposed a human-soft robot touchless interactive
teaching method and systematically tested this method on a con-
tinuum soft manipulator. This interactive teaching method for
executing complex motions was realized intuitively via bare-handed
touchless approaches to the FBSS. Using this method, we success-
fully taught a “naive” soft manipulator to move in 3D space and
perform simple tasks such as painting, taking a throat swab, and
crossing a barrier to grasp an object.We envision that this interactive
teaching method may expand the practical uses of soft robots, as it
allows non-specialists to operate the soft robot for various tasks
without expert familiarity.

In terms of other relevant sensing methods, there are a few
other sensors that can detect tactile and touchless stimulations. For

example, magnetic bimodal skin relies on the giantmagnetoresistance
(GMR) effect via amagnetic filmwith a pyramid-shaped extrusion at its
top surface50. When the giant magnetoresistance sensor detects a
magnetic field around the film, its resistance changes. However, this
sensor requires objects contacting the film to be magnetic, so the
material properties of the sensed objects are quite limited. In contrast,
a triboelectric sensor can detect a wide range of materials.

The high flexibility and sensitivity of triboelectric electronic skin
enabled the soft robot to have both sensing and interaction cap-
abilities. Flexible triboelectric skin, which mainly includes flexible
electric and dielectric films51,52, can convert tactile and touchless sti-
mulations into voltage signals through contact electrification and
electrostatic induction, respectively. It should be noted that the tactile
and touchless stimulations result in the identical trend of electric
variation, it is hard for triboelectric skins to distinguish those two
modes in real-time43,44. By combining triboelectric and liquid metal
sensory mechanisms, our FBSS can simultaneously sense both tactile
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and touchless information and can distinguish the two modes in real
time. Since the FBSS is flexible and stretchable, it is suitable for large
deformation and can be used for soft robotic sensing. In addition, the
FBSS can sense a wide range of materials during interaction (Fig. 3c).
We compared the FBSS with other tactile/touchless sensors (Supple-
mentary Table 4). In the future, the FBSS sensing accuracy can be
further improved by optimizing the microscopic pyramid structure
and the liquid metal channels.

There are few previous reports on the human interactive teaching
of soft robots. Our proposed methodology has the following unique
features for teaching movement: (1) the method is based on a touch-
less, near-distance control via the natural hand-eye coordinationof the
human participants, making it intuitive and straightforward; and (2)
the teaching result is quite effective in terms of time and accuracy.
With the touchless interactive teaching method, most 3D movements
of the soft manipulator were finished within a few minutes.

The “contact” teaching approach for traditional rigid robotic
manipulators (i.e., achieving compliant behavior with a robot’s end
effector in response to forces exerted by a human operator) is pro-
blematic for teaching soft robots46. Capturing the passive deformation
of soft continuum manipulators, for example, when manipulated by a
human hand requires many soft sensors, which complicates shape and
configuration reconstruction later on. In contrast, human subjects
without any robotic teaching skills or experience have validated the
practicality and effectiveness of this teaching method. In addition,
recording and analyzing the touchless/tactile information during the
teaching process and replaying the soft robot’s movements can help
illustrate howhumansprefer to touchless interactwith robots. A record
of the hand movements, particularly when approaching the robot, of
different individualswould further help to refine the interactive system.

In terms of the limitations of this research, we used two soft
sensors to create an interactive interface in the present study. In future
work, we will incorporate more interactive soft sensors into the soft
manipulator to enablemore complex controls of the robot’s shape and
to capture more feedback. Furthermore, developing multi-sensor
arrays with FBSS and incorporating emerging machine-learning
tools would enable more complex robotic motions with different
morphologies established through touchless interaction. For example,
collect massive sensory data for ML training to recognize human
gestures and environmental objects for soft robots. In addition, the
ability to distinguish between a human hand and an object or obstacle
with FBSS in a complex environment would further complement the
current teaching method.

In this study, we used a pneumatically actuated soft robot, which
is simple, repeatable, and robust. Responsive materials can allow soft
robots to actuate through a variety of stimuli, such as light, magnetic
fields, electricity, and chemicals53, and soft material structures such as
origami and metamaterials can enable complex movement through a
touchless interactive teaching method54. We envision that interactive
soft robots can work collaboratively with an increasing number of
human participants in a wide variety of disciplines.

Methods
Fabrication process of the flexible electrode layer
A patterned Kapton film was first affixed to a clean silicon wafer as a
shadow mask (Supplementary Fig. 15A). The Ag NW network solution
was then sprayed onto the wafer and the solvent evaporated at 60 °C
for 15min. A thin silicone rubber layer was spin-casted onto the wafer
and cured at 60 °C for 4 h. The cured silicone rubberwas then carefully
peeled off from thewafer and theAgNWnetworkwas transferred onto
the silicone rubber.

Fabrication process of the flexible dielectric layer
The SLA mold with micro-pyramid caves (depth = 320μm; width =
500μm) was first printed by a micro-precision 3D printer

(Supplementary Fig. 15B). The silicone rubber (Smooth-on, Dragon
skin 00–20) was then drop-casted onto the mold and cured at room
temperature for 4 h. The cured silicone rubber was carefully peeled
off from the mold and the micro-pyramid structures were transferred
onto it.

Fabrication process of the liquid metal patch
Using a liquid metal printer (DREAM Ink, DP-1), the patterned liquid
metal was printedon the plastic substrate (Supplementary Fig. 16). The
silicone rubber (Smooth-on, Dragon skin 00-20) was drop-casted onto
thepatterned liquidmetal and then cured at room temperature for 4 h.
To transfer the patterned liquid metal from the substrate onto the
silicone rubber, they were placed in a refrigerator at −140 °C for
40min. The cured silicone was carefully peeled off from the substrate
and the patterned liquid metal was embedded in the silicone. Addi-
tional silicone rubber (Smooth-on, Dragon skin 00-20) was drop-
casted onto another side of the patterned liquid metal and cured at
room temperature for 4 h.

Implementation and control of the interactive soft manipulator
The soft manipulator is designed and fabricated for grasping objects
(Supplementary Fig. 17). The soft manipulator primarily consists of
three soft actuator modules and a soft gripper as the end effector
(Fig. 5a). The soft manipulator has 10 pneumatic chambers and each
bending segment has 3 chambers (with 3 bending segments in total).
The end effector, a four-fingered soft gripper, is actuated by a single
air inlet.

During the teaching process, the motion of the soft manipulator
follows a kinematicmodel under the hypothesis of piecewise constant
curvature (PCC). We consider the soft manipulator’s shape to be
composed of a fixed number of segmentswith constant curvature. The
kinematicmodel transforms fromconfiguration space (arc parameters
κi, θi, φi) to actuation space (chamber pressure pij) More specifically,
the indices i = 1, 2, 3 and j = 1, 2, 3 refer to the ith segment and the jth
chamber, respectively. We define the arc parameter κi as the curvature
radius of the ith segment, θi as the curvature angle around the y-axis,
and φi as the deflection angle around the z-axis (Fig. 5b, c). The con-
stant parameter d could bemeasured before initiating actuation. First,
we solve the chamber length lij from given arc parameters κi, θi, φi

(ri = κi
−1), shown in Eq. (1)

li1 =θi � ðri � d sinφiÞ
li2 =θi � ri +d cosðφi � π

6Þ
� �

li3 =θi � ri � d cosðφi +
π
6Þ

� �
8><
>: ð1Þ

Then adding in calibrated pressure-length relations (Supplemen-
tary Fig. 18), we can calculate the actuating pressure pij from the
chamber length lij to complete the model-based control.

Interactive control of soft manipulator based on the FBSS
interface
The teaching process starts with a human hand approaching the
FBSS, and the FBSS transforms the distance information into a vol-
tage signal (Fig. 5d and Supplementary Table 2). First, we normalize
the voltage signal through Eq. (2), with a sampling frequency of
100Hz:

Sout =
V � V init

Vmax � V init
ð2Þ

where Sout is the normalized voltage signal, V is the measured voltage
of the FBSS, Vmax is the maximum voltage output of the FBSS, and Vinit

is the initial voltage output of the FBSS. Then, we use a 10-time
sampling frequency mean filter to remove noise from the signal.
To obtain a variable step length from the FBSS feedback signal, we
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implement the hyperbolic tangent function as themapping of the step
length (Fig. 5e), shown in Eq. (3):

θh =hinit � tanh k
ð1� 1

k2Sout
Þ

1

� �
ð3Þ

where θh is the calculated step length, hinit is the initial step length, and
k1, k2 are the parameters of the hyperbolic tangent function. Then, the
step length is added to the current bending angle θ0 in Eq. (4):

θ=θ0 +θh ð4Þ

The bending angle θ is substituted into the kinematic model to
solve the chamber pressures pij of the soft manipulator, and the multi-
channel pneumatic system executes actuation with pressures pij.
Finally, when the FBSS registers physical contact, the soft manipulator
triggers the gripper to complete the gripping motion.

During the contact-free interaction process, the end effector of
the soft manipulator can be guided by the motion of the human hand
in 3D space. The position of the end effector can be determined by the
operator’s vision.

We evaluated the teaching error under different step length
control strategies. Wemounted a laser transmitter on the end effector
of the softmanipulator to track theposition of the end effector.During
the entire interaction process, time cost and position error are recor-
ded, and each test is repeated 5 times. The average execution time and
position error of the variable step length strategy are 24.3 s and
4.6mm, respectively (Fig. 5f). Thus, we adopted the variable step
length strategy for interactive teaching. The workspace of the soft
manipulator is 568mm in length, 591mm in width, and 334mm in
height (Fig. 5g). This guarantees awide rangeof interactive locomotion
for a human user.

Electrical characterization
The resistance of the FBSS was measured with a synchronous data
acquisition card (National Instruments, USB-6356). The voltage, cur-
rent, and transfer charges were measured using an electrometer
(Tektronix Inc., Keithley 6514).

Data availability
The data generated in this study are provided in the Source data
file. Source data are provided with this paper.
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