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different pixels of a skin for ~2 s is distinguishable from the electrical 
response of the materials (Fig. 3D). The voltage signals acquired are 
reported in Fig. 3D, fig. S7, and table S1. The noise in fig. S7 derives 
from the electronic readout circuit and not from the sensor, as con-
firmed by performing similar measurements with a pico-amperometer 
(fig. S8). The temperature variation on each pixel was ~1 K, as shown 
in the thermal image in fig. S9. To exclude piezoresistive effects, we 
performed the same measurements by pressing the sample with a 
metal object at the same temperature of the pixel (fig. S10). To test 

the response of pectin skins to an increased sensing spatial density, we 
fabricated a 16-pixel device in the same skin area and evaluated its 
temperature-mapping ability. We placed an aluminum parallelepiped 
(12 mm × 12 mm × 3mm) near the lower right corner of the skin at 
26°C (with an ambient temperature of 20°C). As shown in Fig. 3E, 
we measured the signal on the skin for each of the 16 pixels 0.8 s 
after the aluminum square was laid in contact (table S2). The ther-
mal camera map (fig. S11 and pixelated in Fig. 3F) and the tempera-
ture map obtained with our skin show an excellent match.

Fig. 2. Characterization of the pectin films. (A) Red dots, forced temperature, 215 cycles superimposed; blue dots, corresponding electrical current in a pectin film, 215 cycles 
superimposed. (B) Responsivity: Electrical current ratio between 40° and 10°C during the 215 cycles displayed in (A). (C) Electrical current in the pectin film at different 
temperatures during the 215 cycles displayed in (A). (D) Electrical current value in the pectin film (blue dots, left axis) plotted as a function of time and compared with the 
sample’s temperature measured by the thermal camera (red dots, right axis). The temperature oscillations are caused by variations of the ambient temperature during the 
measurements. (E) Magnification of the data in the orange box in (D); dots, measurement points; lines are included as a guiding reference. (F) Sensing heat from a warm 
object (37°C) at a distance. Blue dots, electrical current in the pectin film; blue line is included as a guiding reference. Black line, position of the object with respect to the 
membrane positioned in 0.

 by guest on June 19, 2017
http://robotics.sciencem

ag.org/
D

ow
nloaded from

 



Di Giacomo et al., Sci. Robot. 2, eaai9251 (2017)     1 February 2017

S C I E N C E  R O B O T I C S  |  R E S E A R C H  A R T I C L E

4 of 6

CONCLUSIONS
The present work demonstrates that a material composed exclusively 
of purified plant pectin and cross-linking ions, engineered into a film, 
has a performance equivalent to that of the snake’s pit membrane and 
is superior to other flexible materials. The pectin films are ultralow-cost 
and scalable, are insensitive to pressure and bending, and can be used 
to augment temperature sensing when integrated in synthetic skin 
platforms.

The exquisite temperature sensitivity and mapping ability of pectin 
skins reveal opportunities in robotic sensing and haptics, where 
biomimetic sensors are important (2). For example, pectin skins could 
be embodied in robotic prosthetics, which are limited today by the 
need of improved sensory feedback (26). Feedback from prosthetics 
is essential to restore the complete functionality of a limb and is es-

pecially critical for achieving proper con-
trol of robotic devices, attaining much 
better results than with the single use of 
vision (27). Pectin skins can be used as 
a high-performance layer in flexible elec-
tronic devices, for example, when sand-
wiched in the architecture of an artificial 
skin or a prosthetic limb.

The record-high sensitivity of pectin 
skins makes them suitable to record finely 
distributed temperature maps on surfaces. 
Their ease of fabrication and minimal re-
quirements for electronic circuitry make 
them compatible with most existing flexi-
ble technologies. Some limitations arise 
from the need of an insulating layer against 
excessive humidity. The insertion of a 
polymeric insulation layer in synthetic 
skins is a common practice and can offer 
a direct solution to the problem. Another 
limitation is the need for accurate initial 
calibration. Improving the uniformity of 
the pectin layers is expected to reduce the 
current calibration complexity.

MATERIALS AND METHODS
Pectin
Galacturonic acid comprises about 70% 
of pectin, and all pectic polysaccharides 
contain galacturonic acid linked at the 
O-1 and O-4 positions. Studies based 
on pectin biosynthesis have shown that 
pectin is synthesized in the Golgi appa-
ratus and transported to the cell wall 
inside membrane vesicles (28). Once syn-
thesized, polymers move to the cell wall 
by the movement of Golgi vesicles, possi-
bly along actin filaments through their 
myosin motors (28). The observed het-
erogeneity in the pectin structure is due 
to species-, cell type–, and developmen-
tal state–specific differences in enzyme 
composition (29). Essentially, all stud-
ies on pectins have been performed on 
economically important plants, such as 

apple, citrus, sugar beet, and tomato, or on cultured cells, such as 
sycamore, carrot, spinach, and rose. Thus, very little is known of the 
235,000 remaining known flowering plants and of pectins of green 
algae, liverworts, mosses, and ferns. In addition, characterization of 
pectin from cell wall mutants (30, 31) and from plants growing in 
extreme environments may reveal unknown pectin structures with 
different properties. This variety suggests the large potential of pec-
tin in future studies and synthesis of temperature-sensitive layers. 
Pectin biosynthesis probably requires at least 67 transferases (glycosyl-
transferase, methyltransferase, and acetyltransferase). It includes 
homogalacturonan, rhamnogalacturonan I, and the substituted ga-
lacturonans rhamnogalacturonan II and xylogalacturonan (32). In 
low-ester pectins, the gelation that occurs within the egg box is due 

Fig. 3. Characterization of the pectin films as materials for artificial skins. (A) Current and temperature as a function of 
time while bending. At t = 75 s, the temperature was increased and then decreased by ~4 K. Right: Cartoons of the bending 
positions tested (see fig. S4 for images). (B) Current response when the sample is bent. Cartoon of the bending position of 
the film on a copper/insulator substrate. (C) Schematic view of the pectin skins in cross section. (D) Electrical response and 
temperature maps obtained with a 4-pixel skin when a finger touched it in different positions (refer to the fingerprint loca-
tion in each panel). The voltage-time panels show the signal readout for the corresponding rows and columns. The colors 
(and heights of the blocks) correspond to the product between the maximum signal variations (in %) detected in 
each row and column (see the Supplementary Materials and table S1), normalized to 1. Figure S7 shows the percent-
age increase of the signal in time for each of the 4 pixels when individually touched. (E) Electrical response of a 16-pixel 
skin when a warm object is placed on its bottom right corner. (F) Pixelated thermal camera image of the skin corre-
sponding to (E).
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to the presence of calcium ions, which can be quickly reversed by 
monovalent sodium and potassium cations (33). An initial dimeriza-
tion step of two homogalacturonic chains by cooperative bridging 
through Ca2+ ions determines the binding of the first calcium cation 
to two pectin chains, facilitating their alignment with respect to each 
other and allowing an easier binding of an upcoming calcium ion (34).

Film
To produce the materials, we used commercially available citrus 
low-methoxylated pectin with a degree of methylation of 34% and 
a content of galacturonic acid of 84% (Herbstreith & Fox). Pectin pow-
der (2%, w/v) was dissolved at 80°C in deionized water and stirred 
at 1400 rpm until a uniform solution was obtained. To jellify the films, 
we prepared a 32 mM CaCl2 solution (corresponding to a stoichiomet-
ric ratio R = [Ca2+]/2[COO−] = 1). The pectin solution was poured 
into a mold, and the CaCl2 solution was then added. After gelation, 
the highly hydrated films were transferred to a vacuum chamber 
and dehydrated at 12 mbar overnight. Samples were then detached 
from the petri dish using a razor blade. The large samples shown in 
movie S1 were produced by pouring the gel on a glass substrate (28 cm × 
30 cm × 0.5 cm) as the lower insulating layer. The electrical contacts 
were made of carbon tape, and a clear insulating acetate sheet (A4 pa-
per format) was layered on top. To produce the skins, we deposited 
the pectin solution directly on different substrates [polydimethyl-
siloxane (PDMS), cellophane, or SiO2], with predeposited electrical 
contacts made by sputtering chromium/gold or using carbon tape. 

Polymeric insulation
We used polymeric insulation layers such as acetate (polyvinyl ace-
tate) to protect the sensing layer from humidity and pH variations. 
This is a common practice in artificial skins. No chemical interaction 
between pectin and polyvinyl acetate or PDMS is expected because 
of their stable polymerized state. No change in responsivity or sensitiv-
ity was found with respect to pectin films without insulating layer when 
acetate or PDMS was used. Any other insulating material already in 
use for synthetic skins would serve for the scope.

Measurements
The electrical measurements reported in Figs. 1, 2, and 3 (A and B) and 
figs. S1 to S3, S8, and S10 were performed in a two-point contact 
geometry using a source measurement unit (Keithley model 2635), 
also referred to as amperometer or pico-amperometer. The electrical 
measurements in fig. S12 were acquired with a lock-in amplifier 
(model SR830, Stanford Research Systems). In the experiments de-
scribed in Figs. 1 and 2, a dc polarizing voltage of 20 V was applied 
to the samples, and the current was allowed to decrease for ~2 hours. 
After the initial discharge, the current remained stable for several 
hours (during which experiments were performed). For the experi-
ments in Fig. 3 (D and E), the applied voltage was a square wave with 
an amplitude of 18 V and a frequency of 5 Hz. Sampling rate was 10 sam-
ples per second. Temperature on the film was actuated by Peltier- 
Element Qc-31-1.4-8.5M. Independent temperature measurements 
on the film were measured with a Pt100 platinum thermometer. We 
also performed measurements at different frequencies (see fig. S12) 
up to 50°C. We found no difference in the temperature response 
of the pectin films under ac or dc conditions (see fig. S12). For the 
electrical measurements reported in Fig. 3 (D and E) and fig. S7, we 
sequentially applied the square wave voltage V to the electrical con-
tacts in each row and column. We measured the signal output with the 

readout circuit (in fig. S6) connected to a data acquisition board 
(National Instruments BNC-2110). The thermal camera used in the 
experiments was FLIR A655sc.

Sensor’s response and comparison
The metrological quantity of choice for the comparison in Fig. 1A is 
the response/responsivity defined as the amount of change in the out-
put (readout signal) for a given change in the input (in this case, tem-
perature). The scale in the plot is the same for all the sensors. Each 
value on the plot can be calculated as (OutputT2)/(OutputT1) for each 
T2-T1 and with T1 fixed. The values were taken from the references 
cited, as reported in the legends and in the captions. Because the plot is 
in logarithmic scale, any arbitrary scaling factor will result in a transla-
tion of the curves up or down along the y axis, but the slope of the 
curves (response) will be preserved.

SUPPLEMENTARY MATERIALS
robotics.sciencemag.org/cgi/content/full/2/3/eaai9251/DC1
Methods
Fig. S1. Pectin film.
Fig. S2. Conductivity variation as a function of temperature in control experiments.
Fig. S3. Current-temperature characteristics of a pectin film and corresponding Arrhenius plot.
Fig. S4. Bending positions corresponding to experiment in Fig. 3A.
Fig. S5. Setup for the electrical measurements performed on skins.
Fig. S6. Readout circuit for the 4-pixel skin.
Fig. S7. Voltage at the readout circuit for every row and column in a 4-pixel skin.
Fig. S8. Current versus time when the film is touched with a finger.
Fig. S9. Thermal image of the skin just after being touched with a finger.
Fig. S10. Effect of pressure and temperature on a 4-pixel skin.
Fig. S11. Aluminum square in contact with the 16-pixel skin.
Fig. S12. Alternating current measurements on the pectin films.
Table S1. Values corresponding to the block diagrams, with color map shown in Fig. 3D.
Table S2. Values corresponding to the block diagram, with color map shown in Fig. 3E.
Movie S1. Large-area film testing.
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