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Creating robotic intelligence using multistimuli-
responsive cobalt-doped manganese oxide
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Abstract
Compact material constructs possessing some degree of built-in intelligence via the exhibition of complex
functionalities in response to easily deliverable stimuli are highly desirable for material-powered robots. We report
here a visible light-driven, dual-responsive material of cobalt-doped manganese dioxide (Co-MnO2), which exhibits
high actuation performance in terms of speed and power requirement and decreased electrical resistivity under
light illumination. The actuation properties are fine-tunable by controlling the amount of Co doping, followed by an
electrochemical treatment to activate the actuation, and the resistance change conveniently serves as a built-in
feedback signal for controlling the actuation. Utilizing these properties, compact microrobotic devices capable of
self-sensing visible light intensities of ~4 mW/cm2 to perform complex motions along multiple selectable
configurational pathways are fabricated. Intelligent robotic functions, including self-adapting load lifting, object
sorting, and on-demand structural stiffening, are demonstrated in these devices. The concept demonstrated here
opens up a perspective of creating robotic intelligence using multistimuli-responsive materials.

Introduction
Material-driven robots, including insect-scale, soft

robots, are expected to perform complex tasks impos-
sible for humans or to produce biomimicking functions
hardly achievable by conventional “mechatronic” devi-
ces1. These robots are functionalized by integrating var-
ious smart materials that are stimuli-responsive, small
and compliant, and to achieve motility or motion, smart
actuating materials that operate under various stimuli
have been extensively studied2. Among these, materials
actuated by electrical3 and visible light signals4 offer
better prospects because of the easy delivery and control
in comparison with temperature or humidity changes.
Light-actuated materials, in particular, allow wireless
triggering5–7 and flexible modulation of the local shape
deformation within a single device body8. Other actuat-
ing materials can respond to multiple stimuli9, be tai-
lored to perform various motions10, or exhibit multiple
functions11–13, but for building versatile microrobots, a

more intelligent material system that can actuate and
sense simultaneously to perform feedback-controlled,
self-adapting motions along multiple selectable config-
urational pathways is highly desirable. In previous
sensing-actuating systems, specific resistive14–17, capaci-
tive18,19, or opto-mechanical/electronic20–22 sensors were
added externally in a circuitry to provide a feedback
signal to regulate the actuator. However, this requires
complicated integration of the sensor and the actuator,
and some systems lack an easy read-out electrical feed-
back variable for achieving complex functionality.
Recently, a few material solutions have been introduced
to offer self-sensing and other capabilities; for example, a
special templating synthesis technique was developed to
enable multifunctional origami metallic backbones to be
fabricated with built-in resistive heating, strain sensing,
and antenna capabilities23, and carbon-based actuators
have been designed with a self-sensing function for
humidity-, thermo-, or piezo-induced resistivity chan-
ges24–26. However, the responses of these devices can
only be driven by temperature/humidity changes or
strong infrared (IR) light of intensity >1 sun, and their
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actuation is sometimes low (deflection of <180°)24–26 or
slow (>10 s)26.
Therefore, to make practical microrobotic systems, it is

necessary to develop high-performing and intelligent
artificial muscles, namely, materials that exhibit not only
fast and large actuation under low-power stimulus input
but also a real-time sensing ability. Moreover, it would be
advantageous if the actuation motion and structural
stiffness could be tunable so that more modes of actions
and tasks could be performed. In this paper, we introduce
the concept of creating intelligence in robotic devices
using a multistimuli-responsive material, namely, cobalt-
doped manganese oxide (Co-MnO2), that possesses the
abovementioned desired qualities. Co-MnO2, which is
fabricated by simple electrodeposition and activated by a
one-step electrochemical treatment, exhibits high actua-
tion performance, with high magnitude (curvatures up to
1.7 mm−1), fast speed (~100ms for one loop), and good
reversibility, in response to a broad band of light signals
covering the visible to IR range in humidity-rich envir-
onments. Under light stimulation, Co-MnO2 also exhibits
a second response of reducing the electrical resistivity,
which can be conveniently used as a built-in feedback
signal to achieve self-sensing intelligence without exter-
nally added sensing elements. The actuation is also tun-
able by controlling the Co:Mn ratio in the material, which
is utilized in this work to design robotic devices with
multiple selectable configurational pathways. Moreover,
the intelligence of muscle stiffness adjustment for per-
forming load-demanding robotic functions is also realiz-
able by a specific set of Co-MnO2 patterns built in the
artificial muscle construct to stiffen the muscle “on-
demand”, thus solving the compliance problem com-
monly found in other smart material systems. In the fol-
lowing, material characterization, actuation, and the
sensing performance of Co-MnO2 will first be presented,
followed by a discussion of the intelligent microrobotic
devices made from this material.

Experimental section
Fabrication of actuators and actuation tests
A Ni layer and a Au layer were first electrodeposited

(see more details in Supporting Text S1 and Fig. S1 in the
Supplementary information), and Co-MnO2 was then
electrodeposited on the Au side. The electrodeposition
baths for Co-MnO2 were mixtures of two solutions A
(CoSO4, CH3COONa, and Na2SO4, all at 0.15M) and B
(C4H6MnO4‧4H2O and Na2SO4, both at 0.15M) at ratios
of A:B= 1:5, 1:2, and 2:1. An anodic current density of
0.545 mA/cm2 was applied for 15 min under mild stirring.
All chemicals were of reagent grade and purchased from
Sigma-Aldrich. The “activation treatment” was performed
by immersing the freshly fabricated actuators into 1M
NaOH for cyclic voltammetry (CV) from −0.2 to 0.5 V at

a scan rate of 25 mV/s for five cycles. The “activated”
actuator was then triggered at room temperature and a
relative humidity (RH) of 95% by NIR or Vis light from a
xenon arc lamp (Zolix, HPS-500XA). All electrodeposi-
tion and CV procedures were conducted by an electro-
chemical workstation (Corrtest, CS350).

Sensing characterization
The self-integrated sensing-actuating unit in “Self-

integrated sensing and actuating construct” was made by
attaching a Au-Ni electrode onto a Co-MnO2 actuator
prepared from an electrolyte with Co:Mn= 5:1. A con-
stant current of 1 μA was applied to the sensor by an
electrochemical workstation (Corrtest, CS350), which also
recorded the corresponding voltage change under sti-
mulation, and the average resistance change rate was
calculated. For the devices in “Smart load-lifting system”
and “Smart robotic finger with feedback-controlled mul-
tiple configurational pathways”, the resistance of the
sensor comprising two active Co-MnO2/Au-Ni bilayers
facing each other was constantly measured, with the
feedback resistance change rate _R calculated by an
Arduino program. The light intensity was adjusted
according to the difference between the calculated resis-
tance decrease rate |Ṙ| and the set value C|Ṙ| by simple
proportional control, in which the current supplied to the
LED was tuned by an Arduino digital pin combined with a
transistor (2SD526).

Material characterization
Scanning electron microscopy (SEM) and transmission

electron microscopy (TEM) were carried out on a Hitachi
S-4800 microscope and a FEI Tecnai G20 Scanning TEM.
Fourier transform infrared (FTIR) analysis was performed
on a Bruker Tensor 27 spectrometer, and contact angle
measurements of DI water on Co-MnO2 surfaces were
carried out on a 100SB Sindatek instrument. Atomic
force microscopy (AFM) examination was carried out on
a Bruker Multi-Mode 8 AFM. The surface temperature
of the Co-MnO2 actuator was measured by a FLIR
SC7700M IR camera. In-plane grazing incidence X-ray
diffraction was performed on a Rigaku SmartLab dif-
fractometer with an incidence angle of 0.5° using a
monochromatic Cu Kα source. Raman scattering spec-
troscopy using a Spectra Pro HRS-300 spectrometer and
X-ray photoelectron spectrometry (XPS) on a Kratos Axis
Ultra spectrometer using a monochromatic Al Kα source
were also performed.

Results
Multistimuli, multiresponsive nature of Co-MnO2 and the
activation treatment
The actuator configuration comprises an active layer of

Co-MnO2 electrodeposited on top of a passive supporting
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layer of metallic Ni, with an intermediate Au layer to
enhance adhesion (Fig. 1a). The energy dispersive X-ray
line mapping reveals a relatively even distribution of Co
and Mn throughout the structure, and the thicknesses
of the Ni, Au, and active layers are ~1, 0.1, and 2 μm
(Fig. S1). SEM combined with AFM (Fig. 1b) shows that

the electrodeposited Co-MnO2 consists of densely packed
needles27 with a rough and solid surface morphology.
TEM (Fig. 1b) reveals a crumpled, amorphous, and dis-
ordered microstructure. The freshly prepared actuator
curls significantly toward the active layer (forward direc-
tion) at both low (65%) and high (95%) RH and when

Fig. 1 Characterization of Co-MnO2 and the activation effect. a Schematic of the trilayer actuator structure. b SEM, AFM, and TEM images of
activated Co-MnO2. c Unactivated and activated Co-MnO2 actuator in response to humidity and light signal changes (Vis light intensity of 30 mW/
cm2 in 95% RH). d Snapshots of electrochemical actuation of a Co-MnO2 actuator in 0.5 M Na2SO4 solution with a step potential change from −1 V
for 2 s for reduction to +1 V for 2 s for oxidation relative to the Ag/AgCl reference electrode. e Cyclic voltammogram of Co-MnO2 in 0.5 M Na2SO4

with a potential range between −0.5 and 0.5 V at a scan rate of 25 mV/s. f FTIR spectra of the unactivated (blue solid line) and activated (red dashed
line) Co-MnO2. g Contact angle of water on unactivated (top) and activated (bottom) Co-MnO2 surfaces. h (i) Sensor circuit by attaching a metal
electrode (Au-Ni) on an activated Co-MnO2 layer 4 mm × 10mm in size. Resistance change during turning on and off (ii) 8 mW/cm2 Vis light, and (iii)
a mild heater (~30 °C) near the sensor. The Co-MnO2 samples had Co:Mn= 2:1 except for that in d, which had Co:Mn= 1:2.
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immersed in water, which corresponds to a contractive
state of the Co-MnO2 active material (Fig. 1c). In this
state, the actuator exhibits a weak response to light or
humidity changes, as shown in Fig. 1c, and the same
behavior is found for actuators made from pure MnO2.
To activate the actuation response to humidity and Vis
light signals, the actuators were treated under CV in 1M
NaOH from −0.5 to 0.2 V at a scan rate of 25 mV/s.
During such a treatment, the actuator gradually uncurls
and opens toward the supporting Ni layer (backward
direction) in an irreversible manner. After the activation,
the actuator curls backward when put in an environment
of high RH, e.g., ~95% and water, as shown in Fig. 1c,
corresponding to a volume expansion of Co-MnO2. Upon
exposure to a lower RH of ~65% (Fig. 1c), the actuator
quickly and autonomously curls forward, corresponding
to contraction of Co-MnO2. The humidity-responsive
actuation gives an angular deflection of ~1260° for the
20-mm-long actuator, and similar actuation can also be
induced by a visible (Vis) light signal, as shown in Fig. 1c.
In addition, the material can also be electrochemically
actuated in 0.5M Na2SO4 electrolyte (Fig. 1d). From the
CV, the current–potential characteristics (Fig. 1e) indicate
that the actuation mechanism is due to Na+ insertion and
extraction, which cause a volume change of Co-MnO2,
similar to that in the recently discovered manganese
dioxide (MnO2) actuator

28. Additionally, during the CV
scan in Na2SO4, no obvious irreversible expansion is
observed, as in the activation treatment under NaOH with
the same potential window applied.
To study the activation mechanism of the light actua-

tion, activated and unactivated samples of Co-MnO2 were
analyzed by FTIR spectroscopy and contact angle mea-
surement. For the FTIR spectra, as shown in Fig. 1f, the
larger intensity of the feature peak at 1630 cm−1 for the
activated sample indicates an increase in adsorbed or
intercalated water molecules, and the blueshift at
3200–3400 cm−1 indicates more free water molecules
compared to the unactivated sample29. The measured
contact angle for the unactivated sample is ~40°, while
that of the activated sample is in the range of <5° (Fig. 1g),
which indicates complete water wetting. Therefore, the
activation treatment evidently makes the Co-MnO2 sur-
face highly hydrophilic, with a much higher affinity to
water molecules than the unactivated state. This well
agrees with the expansion behavior upon exposure to high
RH and immersion in water (Fig. 1c), and this behavior
can be explained by the adsorption/intercalation of water
molecules in the activated state of Co-MnO2. Addition-
ally, from the relatively similar XRD and Raman spectra
(Fig. S2) for both samples, it is found that no extra new
phase appears after the activation, but the crystallinity of
activated Co-MnO2 decreases. The XPS results (Figs. S3–
S5 and Tables S1–S3) indicate that the activation causes

Co(II) and Mn(II)/Mn(III) to oxidize into Co(III) and Mn
(III)/Mn(IV) (Figs. S3 and S4 and Tables S1 and S2), and
there is incorporation of Na+ into the turbostratic
structure of MnO6 basal planes (Fig. S2). Therefore, the
activation effect is likely caused by an increase in water
molecules adsorbed or intercalated due to Na+ incor-
poration30. Moreover, the presence of Co enhances the
effect compared to the pure MnO2 sample, probably due
to an increase in water adsorbed or intercalated into
the Na-birnessite, as proven by a thermogravimetric
analysis that shows more weight loss for the Co-doped
sample31. The Supplementary materials (Text S2 and Figs.
S2–S7) provide a more detailed discussion regarding the
activation effect of Co-MnO2.
Under Vis light illumination, it is found that the elec-

trical resistance (R) of Co-MnO2 decreases, which can be
utilized as a built-in feedback signal for a sensing cap-
ability. Figure 1h shows the reduction in R under Vis light
illumination at an ultralow intensity of 8 mW/cm2. The
measurement of R was performed by a circuit comprising
a Au-Ni electrode manually attached on top of the acti-
vated Co-MnO2 layer, with a constant current of ~1 μA
applied through the electrode (Fig. 1h). By measuring the
output voltage, the resistance change (ΔR) under illumi-
nation was calculated, and the plot in Fig. 1h shows the
change in ΔR with respect to the initial resistance (Ro)
upon Vis light illumination and the reversal when the
light is turned off. The decrease in resistance under illu-
mination may be attributed to the positive temperature
coefficient of the electrical conductivity of MnO2

(Fig. S8)32. As illumination will induce a temperature
rise because of the photothermal property of Co-MnO2

(Fig. S9), the carrier concentration of Co-MnO2 and
its conductivity will be increased with the increasing
environmental temperature (Fig. S10). The temperature-
induced resistance change was verified by directly heating
the sensing areas, which revealed a resistance reduction as
the temperature increased (Fig. 1h). The magnitude and
rate of the resistance change increased when the heater
was located closer to the sensing area (Fig. S9). This Au-
Ni/Co-MnO2/Au-Ni sensor was used to construct devices
with intelligent self-sensing actuation, as will be described
in “Microrobotic devices”.

Ultrahigh and tunable actuation performance by
Co doping
Co-MnO2 actuators exhibit excellent actuation perfor-

mance in terms of magnitude and actuation and recovery
speeds. As an example, for a typical 20-mm long Co-
MnO2 actuator prepared from an electrolyte with a Co:
Mn ratio of 1:2, a large curvature of 1.75 mm−1 corre-
sponding to a cumulative angular deflection of ~2000° at
the tip can be induced by near-infrared (NIR) light illu-
mination. As shown in Fig. 2a and Movie S1, a superfast
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actuation speed up to 1000°/s with a comparable recovery
speed of ~900°/s can be achieved by NIR light with an
intensity of 550 mW/cm2 under ambient conditions of
24 °C and RH 95%, taking only up to ~100ms to complete
one loop for the first 4.5 loops. Co-MnO2 can also be
effectively triggered by Vis light at a lower intensity. For

the Co-MnO2 prepared at a Co:Mn ratio of 2:1, a 20-mm
long actuator can actuate in response to an ultralow light
intensity of ~5mW/cm2 to produce a cumulative angular
deflection of 720° at the tip (Fig. S6). At 50mW/cm2, a
typical actuator can curl into a loop within ~0.136 s, as
shown in Movie S1 and Fig. 2b, exhibiting a maximum

Fig. 2 Actuation performance of Co-MnO2. a Actuation of an actuator with a Co:Mn ratio of 1:2 in the active material induced by an NIR light
intensity of 550 mW/cm2 at an RH of 95%. b Comparison of the performance of a typical actuator (with a Co:Mn ratio of 2:1) in the present work
(shown in Movie S1) with that of previously reported light-driven actuators delivering large bending actuation of over 180°; details in Table S1.
c Actuation performance in response to Vis and NIR light at different light intensities. d Influence of the electrolyte ratio of Co:Mn on the
electrochemically and light-stimulated actuation performance of Co-MnO2. e Actuation and recovery speeds and curling curvature of Co-MnO2 (with
a Co:Mn ratio of 1:2) and C–O–H actuators under Vis or NIR light.
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bending angle of ~1080° at the tip for a length of 15 mm.
The actuation of Co-MnO2 actuators (with a Co:Mn ratio
of 2:1) increases with the light intensity (Fig. 2c), and for
the same light intensity, Vis light results in a larger cur-
vature than NIR light.
For electrochemical actuation, Fig. S11 shows the large

and fast actuation of a Co-MnO2 actuator in 0.5M
Na2SO4 electrolyte when triggered by a potential step
(from +1 V for 2 s to actuate to −1 V for 2 s to recover).
The speeds for both actuation and recovery were mea-
sured to be ~800°/s.
By changing the Co:Mn ratio, the actuation response of

Co-MnO2 is found to be modified, as shown in Fig. 2d.
Increasing the Co doping amount enhances the light-
driven actuation performance, which may be caused by
the increased proportion of weakly hydrated water29. In
contrast, decreasing the Co:Mn ratio enhances the elec-
trochemical actuation and weakens the light-driven
response. To demonstrate the complementary actuation
in response to electrochemical potential and light stimuli,
an open electrodeposition writing method33 was used to
fabricate a prototype film actuator containing two sepa-
rate muscle groups of different Co:Mn ratios (Fig. S12 and
Text S3). The Co-MnO2 layer on the right was prepared
from the electrodeposition solution with a lower (1:2) Co:
Mn ratio, forming an actuator (He) more responsive to
electrochemical potential. The left muscle group (Hl) was
printed using a higher (5:1) Co:Mn ratio, making it more
sensitive to light. Therefore, when an electrochemical
potential is applied to both the He and Hl actuators, He

(with lower Co:Mn) exhibits much larger actuation than
Hl, while under light stimulation, the performance is
reversed (Fig. S12 and Movie S2). Figure 2d shows that
upon approaching the pure-Co end of the Co-MnO2

composite system, better light-induced actuation magni-
tude is achieved. However, as shown in Fig. 2e, the
C–O–H system (without Mn) exhibits very sluggish
recovery upon light removal even though its light-
triggered actuation is fast and large. In contrast, doped
Co-MnO2 actuators generally exhibit fast recovery in
addition to fast actuation. For example, under Vis light at
100mW/cm2, the recovery speed of Co-MnO2 (with a Co:
Mn ratio of 1:2) is ~15 times faster than that of C–O–H
(Fig. 2e)34, and under NIR at ~550mW/cm2, the recovery
speed is ~20 times faster than that of C–O–H.
In Table S4 and Fig. 2b, the actuation time and light

intensity requirement of the present Co-MnO2 actuators
with Co:Mn= 2:1 are compared with those of other
reported light-driven actuators that exhibit a large
actuation magnitude of over 180°, and it can be seen that
the actuation speed of Co-MnO2 surpasses that of most of
the other actuators. Additionally, Co-MnO2 can be
effectively powered by common and low-cost Vis light
sources of low intensity power, which is an added

advantage over other actuators that can only be powered
by UV or NIR light of intensity in the hundreds of mW/
cm2. Such a combined merit of superfast, large, and
tunable actuation, which is also triggerable by low input
power, is utilized in the following to design compact
microrobotic systems.

Microrobotic devices
Self-integrated sensing and actuating construct
Here and below, the dual response of actuation and

resistance reduction of Co-MnO2 induced by low-power
Vis light was utilized to construct smart actuation sys-
tems. Figure 3a shows the basic self-integrated sensing
and actuating unit fabricated by physically laying a Au-Ni
electrode of ~1 cm2 on top of a Co-MnO2 actuator so that
the upper part of the film serves as a light sensor, while
the lower part functions as an actuator. Similar to Fig. 1h,
a constant current of 1 μA was applied through the
multilayer structure, and the voltage output was measured
to calculate the resistance. Figure 3b and Movie S3 show a
trial run, where light illumination at a 4 mW/cm2 inten-
sity caused the 15-mm long actuator to bend by ~50° and
the voltage to drop by 2.4 mV in a synchronized manner.
The corresponding resistance decrease rate ( _R) was
~0.16Ω/ms for the ~1 cm2 sensing area. The resistance
(R) decreased steadily as the light-induced actuation
continued, and both the resistance and the deflection
signals recovered with removal of the light illumination.
To check for consistency of the performance of the unit,
long-term cyclic testing was carried out, as shown in
Fig. 3c. The resistance and deflection changes were found
to be steady over 2000 cycles of light illumination, after
which the resistance change rate decreased gradually by
~17%, and for usage as a feedback signal, recalibration
would be needed. With increasing light intensity, both the
actuation curvature (κ) and _R increase approximately
linearly (Fig. 3d), and κ is approximately proportional to
_R, as shown in the inset of Fig. 3d. The easy read-out of
_R and its linear relationship with the light intensity render
it a very useful feedback signal for the design of a circuit
to control the actuation performance, as shown in the
following sections.

Smart load-lifting system
The design of the self-integrated sensing-actuating unit

in Fig. 3 was utilized, as shown in Fig. 4a, to construct an
intelligent load-lifting robot with a lifting capability
unaffected by environmental disturbances. Here, on a
supporting layer 8 mm× 32mm large, the top part was
electrodeposited with Co-MnO2 to form a sensing unit by
further laying a Au-Ni electrode on it. The sensor area
was 5 mm× 5mm, and the actuating unit consisted of a
pair of Co-MnO2 hinges of 8 mm × 4mm electro-
deposited as shown, which could lift an object vertically
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when triggered by light illumination. Here, the same LED
light source illuminated both the sensor and the actuator,
and the resistance decrease rate _R from the sensor was
used as a feedback signal to control the light intensity via
a microcontroller so that the correct light intensity was
always incident on the actuator to make it lift a certain
load to a given height. Because of the linear relationship
between the light intensity and _R (Fig. 3d), a basic pro-
portional control for the light source was used, with a
proportional gain parameter KP ~0.8 between the light
intensity and _R as deduced from Fig. S13 (see Supporting
Text S4 in the Supplementary information for further
details about the control).
By determining the light intensity needed to lift differ-

ent loads to different heights, the setpoints C _Rj j for

feedback control of the light source were precalibrated.

Figure 4b shows that with feedback control of the light

source, the device could raise two different loads to

approximately the same height Δx. The first load (mi) had

a weight of ~75mg, and the Co-MnO2 actuating material
in the device had a weight of ~0.44 mg, given that its
volume is ~ 2 × 0.4 × 0.8 × 0.0002 cm3 and the density of
birnessite-type MnO2 is ~3.4 g/cm3. Because of the high
actuation performance of Co-MnO2, the heavy load was
lifted by ~8mm in response to the relatively low Vis light

illumination of ~13mW/cm2 provided by the preset value

of C _Rj ji , as shown in Fig. 4b. Utilizing the roughly linear

relationship among the lifting capability, the light inten-

sity and the real-time _R
�
�
�
�, for a load (mii) of ~228mg (~3

times mi), C _Rj jii was then preset at roughly three times

C _Rj ji to accomplish the same Δx of ~8mm (Fig. 4b and

Movie S4).
The intelligence of the load-lifting system lies in its

ability to maintain a given load at the same height when
the light illumination is externally disturbed (Fig. 4c and
Movie S5). In the demonstration in Fig. 4c, between
snapshots (i) and (ii), the system searched for the correct
light intensity (from the initial “off” state at (i)) to raise a
load of ~50mg to a height Δx of ~4mm; this was achieved
upon approaching point (ii) when the digital pin value
VD�pin (blue line in Fig. 4c) of the microcontroller that set
the power input to the LED source reached the value

corresponding to the setpoint C _Rj j of the _R
�
�
�
� signal from

the sensor. Then, at point (ii), a light filter (with

attenuation rate ~50%) was inserted between the light

source and the sensing-lifting device to weaken the actual

light intensity incident on the latter. Such a disturbance

decreased Δx and the real-time feedback _R
�
�
�
� (point (iii)).

Due to the decreased _R
�
�
�
� signal, the microcontroller then

Fig. 3 Self-integrated sensing/actuating device responding to ultralow Vis light intensity. a Schematic of the sensing-actuating device.
b Output voltage change of the sensor at a constant current (1 μA) and deflection change of the actuator in response to turning on and off Vis light
stimuli at a 4 mW/cm2 intensity. c Long-term cyclic test of actuation (bending) and sensing (resistance decrease rate) signals in response to cyclic
light stimulation at 10 mW/cm2, with light on for 1 s and off for 4 s in each cycle at a constant current of 0.5 μA; the resistance change rate was
calculated from a duration of 0.5 s in the middle of each light-on cycle of 1 s. d Influence of the light intensity (4–20 mW/cm2) on the average
resistance decrease rate (for 5 s) and actuation curvature; the inset shows the relationship between the resistance decrease rate and actuation
curvature.
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upregulated the VD�pin signal until Δx and _R
�
�
�
�regained the

preset values (point (iv) in Fig. 4c). After a steady state was
reached, the optical filter was removed to mimic another
disturbance. The light intensity illuminating the lifting
system then strengthened, as did Δx and _R

�
�
�
� (point (v)).

The microcontroller then automatically decreased the
light intensity until Δx and _R

�
�
�
� dropped back to the preset

values (point (vi)). This demonstrates the self-adapting
capability of the smart load-lifting system with integrated
sensor and actuator made of the same Co-MnO2 material
in response to environmental disturbances.

Smart robotic finger with feedback-controlled multiple
configurational pathways
Next, we demonstrate a microrobotic finger that can

perform motions of different degrees of freedom via
multiple configurational pathways, selected by different
triggering signals sent to the sensor by the same optical
fiber. “Ultrahigh and tunable actuation performance by
Co doping” section and Fig. S12 show that by integrating
Co-MnO2 muscle groups of different Co:Mn ratios into
the same construct, different motions can be achieved.

Utilizing this concept, a robotic finger, as shown in Fig. 5a,
was built, with a sensing unit on the top and two sets
of horizontal hinges of Co-MnO2 as the actuating units.
The sensor receives a triggering light signal delivered by
an optical fiber, and the corresponding resistance change
_R is fed into the microcontroller, which outputs a current
to power a separate LED light source that provides illu-
mination to the Co-MnO2 muscle groups to actuate them.
The two muscle groups were made of materials with
different Co:Mn ratios and therefore would actuate to
different extents to configure the finger along different
configurational pathways. The upper actuating hinge,
denoted as Hh, had a lower Co:Mn ratio of 1:2 that could
only be efficiently stimulated by a high light intensity from
the LED source, and the other, denoted as Hl, was pre-
pared with a higher Co:Mn ratio of 5:1 so that it could be
actuated by low light intensity. As the finger was extre-
mely compact (<5 μm) and therefore compliant, two
vertical bands of Co-MnO2 were electrodeposited to
enhance the stiffness, as detailed below. To operate the
system, the optical fiber sends a triggering light signal to
the sensor, and the resultant resistance change signal _R is

Fig. 4 Self-adapting load-lifting system delivering constant displacement by automatic feedback. a Schematic of the load-lifting system with
feedback control by a microcontroller. b Snapshots of the load-lifting system for a heavy load (~228mg) and a light load (~75 mg) at a fixed
displacement of 8 mm by setting the setpoint to 64 and 235. c Self-regulating load-lifting system keeping the load displacement constant during
external disturbance of the light illumination by inserting and removing an optical filter.
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fed back to the microcontroller and is classified into one
of three categories: (1) noise, (2) low-level, or (3) high-
level signals. Any noise signal is ignored and not used to
regulate the LED light source. A signal classified as low
level is used to provide a low current output to the LED
light source to actuate the Hl muscle group, and similarly,
a received high-level signal is used to provide a high
current to the LED source to actuate both the Hl and Hh

muscle groups to deliver fast and large motions within
~1 s. Figure 5b shows a typical response of the sensor in
action; here, the sensor was stimulated by optical fiber
light signals of two types: a low-level type of discrete
(flickering) illumination and a high-level type of con-
tinuous illumination. The two types of signals were
delivered manually and sporadically by switching on and
off the optical fiber, and the corresponding _R responses
are shown in Fig. 5b, where dotted blue lines represent the
low-level signals and solid blue lines the high-level signals.
Random, ultralow signals (black lines) that did not cor-
respond to the manually delivered optical fiber signals
were also recorded by the sensor, and these were regarded
as noise. Figure 5c and Movie S6 show the corresponding

movements of the finger, where the black dotted lines in
Fig. 5c indicate the trajectories of the fingertip under the
low- and high-level stimuli. The two modes of motion
allow the same fingertip to touch objects placed at very
different positions in space, as illustrated in Fig. 5c. The
stability of the smart finger was investigated by cyclic
stimulations (see Text S5 for details), and the results,
shown in Figure S14, indicate high stability in the per-
formance over 150 cycles of repeated stimulation.
As mentioned above, in addition to the horizontal

muscle groups Hl and Hh, additional vertical bands of Co-
MnO2 were also coated onto the substrate to enhance the
structural stiffness in an active, on-demand manner.
When illuminated by LED light, the vertical bands would
also actuate, thus bending the passive layer about the
vertical axis (Fig. 5d) to increase the bending stiffness of
the finger as a load-bearing cantilever structure (see Text
S6 and Fig. S15 for details). It is of interest to note that the
stiffening achieved in this way is “on-demand”, i.e., the
stiffening is provided by the actuation of the vertical
Co-MnO2 bands only when the finger is triggered by light
to lift a load.

Fig. 5 Smart robotic finger with multiple configurational pathways. a Construction of the smart robotic finger with self-integrated sensing,
tunable motion, and stiffness enhancement units. b Typical output response of the sensor, showing low-level triggering signals produced by
flickering light from the optical fiber (blue dotted lines), high-level triggering signals produced by continuous light from the optical fiber (blue solid
lines), and noise (black lines). c Configurations of the finger delivering weak and strong actuation responses when triggered by the low-level and
high-level signals, respectively, in b. Black dotted lines show pathways of the fingertip. d Bending stiffness enhancement “on demand” by actuation
of the vertical Co-MnO2 bands.
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Figure 6 shows a modified design of the smart finger
for performing the object-sorting function. As shown in
Fig. 6a, the sensor was placed at the bottom of the finger,
and as before, horizontal Co-MnO2 muscle groups and
vertical Co-MnO2 strengtheners were coated to actuate
the finger. The object to be sorted had the form of a small
transparent tube marked with colored strips, and it was
placed between the triggering signal-delivering optical
fiber (generator) and the sensor (receptor). When the tube
axis aligns with the optical fiber, the light signal will pass
through the tube and illuminate the sensor, thus produ-
cing a “high-level” signal, as shown by the red line in
Fig. 6b. Both the Hh and Hl muscle groups will be actuated
by the microcontroller, and the finger will rapidly kick
away the tube (by distance d, as shown in Fig. 6c; see
Movie S7 for details). On the other hand, if the tube axis
does not align well with the light delivered by the optical
fiber, as shown in Fig. 6b, then the light is side-scattered
by the tube, and hence, the sensor will record a “low-level”
signal, as shown by the blue line in Fig. 6d. In this case, the
microcontroller will send a low current to the LED source
to actuate only the Hl muscle group, causing the finger to
only gently touch the tube.
The smart fingers in Figs. 5 and 6 demonstrate the

versatility of the tunable actuation of Co-MnO2 and its

high sensitivity to small differences in Vis light intensity
(down to ~5mW/cm2 differences, as in Fig. 3d) in
designing intelligent and compact devices.

Discussion
In this work, the concept of using a multistimuli-

responsive material to create robotic intelligence to
achieve unprecedented functionalities is established
using Co-MnO2 as a high-performing, high-versatility
actuating material. The merits of Co-MnO2 are sum-
marized as follows.

High actuation performance
As shown in Fig. 2b, the ultrafast actuation (~100 ms

for one loop) with low required power (~0.5 sun) makes it
a good actuating material for microrobotics applications.
In particular, the light-induced actuation is activated by a
novel electrochemical treatment that increases the affi-
nity of Co-MnO2 to water molecules via the incorpora-
tion of Na+. Doping with Co further increases the light-
induced actuation performance (Fig. 2d), which also
overcomes the slow recovery problem of previously
developed dual-responsive actuators5,34–36. The energy
conversion efficiency of the actuator and the force gen-
erated by the actuator under a visible light intensity of
100 mW/cm2 are estimated to be ~0.1% and ~23 μN,
respectively (see Text S7).

High versatility
In addition to actuation induced by light, a light-

induced resistivity change property of Co-MnO2 is also
discovered and found to be versatile in feedback control of
the actuation. The sensing properties are more applicable
to the low light intensity regime (Fig. S16), and since the
sensing and actuating units are independent, a rather
large light spot is needed to trigger both units. This
problem can be alleviated in future work by electro-
depositing Co-MnO2 on a conductive layer with a strain-
sensing function so that the actuating and sensing units
can be combined in a much more compact manner. In the
devices in Figs. 4–6, a microcontroller is still needed (just
as in animals where a brain is still needed to control
voluntary muscles), but the dual response of Co-MnO2 in
terms of both actuation and resistance change allows
essentially the same compact thin-film construct to
function as both an artificial muscle and a sensor, and this
already greatly reduces the complexity and bulkiness of
the device. Furthermore, the tunable actuation perfor-
mance in Fig. 2d presents another major advantage of the
Co-MnO2 material system, which can be exploited to
allow muscles of different capabilities to be integrated into
the same compact construct, as in the case of a small
animal. The one-stimulus, multiresponsive nature found
in Co-MnO2 here is seldom studied and has never been

Fig. 6 Smart finger for object sorting. a Schematic showing the
object to be sorted placed between the triggering signal source
(generator) and the sensor (receptor). b Typical output signals from
the sensor. The red line is a high-level signal when the tube (object)
allows the triggering light to reach the sensor. The blue line is a low-
level signal when the object blocks the triggering light. Gray lines are
noise. Configurational changes of the finger under (c) the high-level
signal and (d) the low-level signal. See Movie S7 for details.
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utilized in robotics applications in the past, although some
other materials are known to exhibit the reverse behavior
of a single response to multiple stimuli, such as carbon
nanotubes37,38.
In summary, the dual response of actuation and resis-

tance reduction induced by visible light in Co-MnO2 is
utilized to realize intelligent functions, including self-
adapting lifting, multiple pathway motion, and on-
demand stiffness control. Activated by a novel electro-
chemical treatment, the light actuation of Co-MnO2

exhibits high performance in terms of actuation magni-
tude (curvatures up to 1.7 mm−1) and speed (~100 ms for
1 loop) in response to low-intensity Vis light stimuli, with
symmetrical actuation and recovery speeds. The actua-
tion response is tunable by controlling the Co:Mn ratio,
and easy fabrication by masked or open electrodeposition
allows the construction of a myriad of intelligent robotic
devices. The devices presented in this paper are only
some examples of the myriad of new functionalities that
can be designed. For instance, only the light-triggered
responses of Co-MnO2 are utilized in the present work,
and in the future, the responses induced by electro-
chemical potentials, heat, and humidity changes can also
be studied.
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