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Based on the biological characteristics of tulip, the low driving voltage and fast response of ionic polymer metal composite 
(IPMC), we analyzed the fabrication, morphology and performance of the platinum IPMC (Pt-IPMC) and selected the right 
IPMC for driving bionic tulip. The preparation and performance of IPMC was analyzed first in this paper such as blocking force, 
output displacement and bending angle of IPMC under the different directed current voltage (DC). The optimal IPMC sample size 
and driving voltage were selected based on tulip blooming angles and the strain energy density of IPMC, which completed the 
blooming process of bionic tulip. The feasibility of IPMC used in driving bionic field was fully proved in this paper, which laid a 
foundation for the application of IPMC in driving biomimetic biological robots.
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1. Introduction

After long-term selection of species in nature, the  natural 
creatures were highly rational, scientific and progressive 
in information processing, execution and autonomous 
 learning.1,2 Nowadays, people try to get inspiration from the 
successful examples in nature to solve human being’s prob-
lems, so bionic robot was invented.3 “Bionic robot” refers to 
a robot system that could imitate the external shape or part 
functions of species in nature. Nowadays, a lot of researches 
have been done on bionic robots at home and abroad. For 
example, the Software Robot Laboratory of the Okayama 
University in Japan had successively completed two types 
of soft robots with silicone material and pneumatic drive 
mode: small-sized flexible manipulator and worm-like auton-
omous robot.4,5 Octobot (the first fully software robot) was 
independently invented by the Bionic Robot Laboratory of 
the Harvard University.6 The pneumatic honeycomb network 
software actuator was invented by Chen Xiaoping’s team.7 
Wang liquan et al. invented amphibious bionic robot crab8 

and Guo Chuangqiang et al. invented the robotic fish.9 All of 
the researches have caused great impact on the field of robot. 
The structure and power source of biology are usually made 
of “soft materials”. Compared with traditional hard intelli-
gent materials,10,11 soft materials possess the characteristics 
such as light weight, low cost, easy deformation and better 
biological affinity and so on, and their deformation ability 
and driving force are close to biological muscle.12 Besides 
the electric driving characteristics,13,14 IPMC was also used 
as sensor by experts in the soft robot.15–17

Based on the shape and blooming of tulip, we designed 
and prepared Pt-IPMC to drive its blooming. We studied 
and analyzed the morphology, structure and performance of 
the Pt-IPMC and completed the blooming process of bionic 
tulip. The surface and cross-section morphology of IPMC 
were observed by JSM-6390A scanning electron micro-
scope (SEM). The blocking force and output displacement of 
IPMC were observed and analyzed by using DC power gen-
erator and coordinate paper. Based on the blooming angles 
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of tulip and the strain energy density of IPMC, we selected 
the optimal size and driving voltage for IPMC to complete 
the blooming process of bionic tulip, which provided the new 
idea and direction for the development of bionic industry.

2. Structure Design of Bionic Tulip

Tulip, one of the monocotyledon plants, has conical or cylin-
drical shape; it usually has 3–5 petals with 50–70 mm long 
and 20–40 mm wide in strip or lanceolate shape; its petals 
are usually red or yellow. We observed carefully the char-
acteristics of tulip blooming in nature.18 Figure 1 shows the 
blooming time dependencies of the blooming angle of tulip, 
which uses the method of taking points from the screenshot, 
so as to design the relevant parameters of bionic tulip. The 
results show that the full bloom time for tulip was 26 s, and 
the blooming angle changed little and slowly with the time 
before 23 s, then changed greatly and quickly, reaching the 
maximum value of 22 ° at last.

Figure 2 shows the bionic tulip which is composed of pet-
als, receptacle and stems: A is the petal made by hand knead-
ing paper. B, placed between two pieces of hand kneaded 
paper, is the IPMC actuator, which is used to actuate the 
bionic tulip. C is the flower holder made by 3D printing, 
which is used to fix the petals and guide wire together with 
plastic screw D. E is the simulated green tape used to fix the 
wire. F is the wire with the diameter of 0.45 mm and used to 
connect circuit.

3. Preparation of IPMC

IPMC is a sandwich structure material, which is composed 
of Nafion 117 membrane and noble metal electrode layer 
on both sides of the membrane. When the voltage is applied 

to both sides of the IPMC, the mobile cation in the Nafion 
membrane will drag the water molecules to move towards 
the cathode. The uneven distribution of water molecules in 
the membrane will lead to the cathode expansion, which is 
caused the macroscopic bending to the anode.19,20 In this 
paper, we used the IPMC’s bending characteristics to prepare 
bionic tulip robot.

3.1. Materials

Hydrochloric acid (HCl), ammonia water (NH3 . H2O), plati-
num ammonia complex ([Pt(NH3)4]Cl2), sodium borohydride  
(NaBH4), hydrazine hydrate (N2H4 . H2O), hydroxylamine 
hydrochloride (NH2OH . HCl), lithium chloride monohydrate 
(LiCl . H2O) were obtained from Tianjin Chemical Reagent 
Corp (Tianjin, China). Nafion-117 membranes with the thick-
ness of 183 μm were obtained from DuPon (Shanghai, China).

3.2. Testing

As shown in Fig. 3, the actuation process of IPMC was video-
taped by video fixed-point method using DC power generator 
and coordinate paper. The tip output displacement and bend-
ing angle was recorded with a camera under a voltage stimu-
lus of 1–7 V. The electronic balance was used to measure the 
mass of the specimen with a precision of 0.0001 g, and which 
could be converted into the blocking force of IPMC. The 
clamping part length of IPMC was 5 mm (along the length 
of the sample), and the test point was the end of IPMC. All 
measurements were performed at room temperature.

3.3. Definition of IPMC size

IPMC size was determined by the size range of tulip petals as: 
length: 30 mm, 40 mm and 50 mm, width: 5 mm and 10 mm. 

Fig. 1.  Blooming times dependencies of the blooming angle of 
tulip.

Fig. 2.  Structure of bionic tulip.
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According to the principle of permutation and combination, 
the dimensions of IPMC (length × width) are determined as: 
30 mm × 5 mm, 30 mm × 10 mm, 40 mm × 5 mm, 40 mm × 
10 mm, 50 mm × 5 mm and 50 mm × 10 mm.

3.4. Fabrication process

The fabrication21,22 of IPMC by chemical reduction method 
mainly includes the pretreatment of substrate membr-
ane, ion exchange, impregnation-reduction plating (IRP), 
 autocatalytic plating (ACP) and post-treatment (as shown 
in Fig. 4).

4. Analysis of Morphology and Properties

4.1. Micromorphology analysis

Figure 5 shows the surface and section morphology of 
IPMC. It can be seen from Fig. 5(a) that platinum is 
 relatively dense deposited on the surface of the membrane. 
The visible concave gullies to the naked eye are caused 
by grinding. The purpose of grinding is to make platinum 
deposition on the membrane easily, so the surface of the 
roughened substrate membrane is not smooth. After the 

deposition of platinum, the surface of the membrane may 
be concave or convex. The thickness of platinum electrode 
is about 12 μm, as shown in Fig. 5(b).

4.2. Actuation performance 

4.2.1. Output displacement

Figure 6 shows the output displacement of IPMC with dif-
ferent sizes at different DC voltages. It can be seen from 
the figure that the output displacement of IPMC increases 
firstly then decreases with the voltage. The transfer abil-
ity of hydrate cation in IPMC increases with voltage’s 
increasing, which means that the output displacement is 
also increasing. However, the water electrolysis reaction 
is intensified and the migration of hydrate cations reaches 
saturation state with continuing increasing voltage, so the 
output displacement is not increasing any more. Among six 
Pt-IPMC samples with different sizes, the 50 mm × 5 mm 
IPMC reaches the maximum output displacement value of 
51.43 mm at 5 V. The longer the sample’s length, the larger 
the output displacement for the same width sample. When 

Fig. 3.  Schematic diagram of the testing platform of the output 
displacement and blocking force of IPMC.

Fig. 4.  Fabrication process of Pt-IPMC.

Fig. 5.  SEM images of Pt-IPMC with surface (a) and section (b).

Fig. 6.  Output displacement of IPMC with different sizes at dif-
ferent DC voltages.
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the length is same, the output displacement of IPMC with 
5 mm width is larger than the IPMC with 10 mm.

4.2.2. Blocking force

Figure 7 shows the blocking force of IPMC with different sizes 
at different DC voltages. It can be seen from the figure that the 
blocking force of IPMC increases first then decreases with the 
voltage. When the voltage is applied, all the hydrate cations in 
the IPMC move towards the cathode, giving rise to the differ-
ence in concentration, causing the bending of the IPMC. The 
maximum blocking force value of 36.03 mN at 5 V is obtained 
in the 30 mm × 10 mm IPMC sample. The shorter the sample’s 
length, the larger the blocking force for the same width.

4.2.3. Bending angle

Figure 8 shows the bending angle of IPMC with different 
sizes at different DC voltages. The bending angle of IPMC 
is tested so as to select the suitable voltage that fits the max-
imum blooming angle of tulip. According to bending angle 
characteristics of tulip (see Fig. 1, the largest angle is 22 °), 
six IPMCs with different sizes are most consistent with the 
tulip at 1.5 V DC voltage.

4.2.4. Strain energy density assessment

According to Figs. 6 and 7, when the output force reaches the 
maximum, the corresponding output displacement will not 
reach the maximum in one same sample. Therefore, in order 
to describe the electro actuation effect of different sizes of 
IPMC more accurately, the concept of “strain energy density” 
is specially used. After the voltage is applied to the IPMC, the 
strain generated in the deformation process of IPMC is com-
posed of shear strain and bending strain. Because the former 

is far less than the latter, the shear strain can be ignored. 
According to the bending strain and the Euler–Bernoulli 
beam theory, it can be seen that23

eρ =
+2 2

.
( )

Flb

ah d b
 (1)

Among them: ρe is the strain energy density of IPMC, F is 
the blocking force, l is the length of IPMC sample, b is the 
output displacement, a is the width, h is the thickness, d is the 
distance from the test point to the clamping endpoint.

The bending angle of IPMC at 1.5 V DC voltage is the 
most suitable for the maximum blooming angle of tulip from 
Fig. 8. Therefore, the strain energy density is carried out at 
1.5 V DC voltage. The results calculated according to Eq. (1) 
are shown in Fig. 9. It can be seen from Fig. 9 that the strain 

Fig. 7.  Blocking force of IPMC with different sizes at different 
DC voltages.

Fig. 8.  Bending angle of IPMC with different sizes at different 
DC voltages.

Fig. 9.  Strain energy density of IPMC with different sizes at 1.5 V 
DC voltage.
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energy density of IPMC with the size of 30 mm × 5 mm is 
the largest, which is 1.01 kJ/m3. Therefore, IPMC with this 
size can be selected as the petal drive material of bionic tulip.

5. Blooming Process of Bionic Tulip

Figure 10(a) shows the opening process of a single petal 
with 30 mm × 5 mm IPMC at 1.5 V DC voltage. It can be 
seen from the figure that the single petal starts to bloom 
slowly at 0 s and reaches the maximum blooming angle at 
16 s. Figure 10(b) shows the opening process of four pet-
als. It can be seen from the figure that when four petals are 
connected in parallel at 1.5 V DC voltage, the IPMC sam-
ple will produce four different bending effects, which com-
pletely presents the blooming process of bionic tulip from 
0 s to 16 s.

6. Conclusion

The Pt-IPMC samples with different sizes were successfully 
prepared by electroless plating. The results showed that the 
bending angle, output displacement and blocking force of the 
six different sizes IPMCs respectively reached the maximum 
value at 5 V DC voltage. According to the characteristics of 
blooming angle of tulip and bending angle of Pt-IPMC, six 
IPMCs with different sizes showed the most consistent with 
tulip at 1.5 V DC voltage. The 30 mm × 5 mm IPMC sample 
was used as the actuator to drive the petals of bionic tulip by 
analyzing the strain energy density. The blooming process of 
bionic tulip under the controlling of DC voltage was success-
fully realized in this article. These results provided experi-
mental basis for further realizing the continuous blooming 
process of bionic plants and laid a foundation for the applica-
tion of IPMC in driving biomimetic biological robots.
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