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1. Introduction

Various pressure,[1] thermal,[2] chemical,[3] 
and strain sensors[4–7] integrated with 
flexible and stretchable platforms rep-
resent an important branch of the next-
generation electronics, with great potential 
for applications in monitoring human 
activities and personal health. The domi-
nated deformation modes describing 
diverse body gestures and activities can 
be normally categorized into two groups: 
tension/compression and bending. 
Accordingly, wearable strain sensors and 
curvature sensors must be with large 
sensing range because of the large defor-
mation yielded by varous activities. Till 
now, there have been many investigations 
focusing on the strain sensors that can 
monitor large tension/compression defor-
mation, and the primary strategies are 
attempting various materials as sensing 
elements, including silicon nanoribbons,[8] 
metal nanowires,[9] carbon blacks,[10,11] 
carbon nanotubes,[4,12,13] graphene,[14,15] 

Flexible and wearable electronics integrated with various sensors have 
great potential for applications in monitoring human activities and personal 
health. Bending and tension/compression dominate the deformation modes 
yielded by flexure of joints and diverse body gestures. A key challenge 
now is to sense the curvature/bending angle, while much research has 
been focused on the strain sensors for tension/compression. Alternative 
approaches by strain sensors or noncontact optical methods for curvature 
sensing are not practical for wearable electronics. A novel adhesion- 
free thin-film-like curvature sensor that can monitor bending activities 
is introduced for flexible and wearable electronics. This study presents 
comprehensive design, fabrication, mechanism, structural analysis, per-
formance characterization, and device-level demonstrations for bending 
of joints, gesture recognition, and real-time sitting posture correction. 
The most prominent advantage of the present sensor is that the measure-
ment is independent of the strain of the target surface and the interfacial 
slippage, thus the perfect adhesion between the sensor and the surface is 
unnecessary. The features of adhesion-free, simple mechanical principle, 
low cost, and satisfactory monitoring results highlight the superiority of the 
present curvature sensors for practical applications to flexible and wearable 
electronics.
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carbonized silk fabrics,[16] etc. Basically, wearable sensors that 
include ultrathin thickness and low system-level modulus are 
good candidate for monitoring of human activities with high 
signal to noise ratio.[17] Also, fully rubber conductive materials 
that show quite good van der waals adhesion to the human skin 
have been used for wearable sensing/actuating applications.[18] 
However, in comparison with the prosperity of research on 
strain sensors, there have been rare reports on the curvature 
sensors that can measure bending deformation, although accu-
rate dynamic measurement of curvature is of great interest: it is 
especially useful for detection of activities of some special body 
parts such as spines and finger/elbow/knee/ankle joints.

For characterising bending deformation, using strain sensors 
may serve as an alternative approach,[19–21] but the measurement 
result is strongly sensitive to the types of adhesion between the 
sensors and the target surface (e.g., the human skin). Figure 1a 
gives a schematic illustration of both perfect and slippery adhe-
sions of a strain sensor to a joint of an index finger. The two 
types of adhesion are differentiated according to whether there 
is slippage on the finger during bending, which is character-
ized by whether alignment of the scales on the finger and strain 
sensor before bending of the finger is kept after its bending. For 
perfect adhesion, the bending curvature/angle can be obtained 
from the sensor strain ε because they have one-to-one corre-
spondence, whereas it cannot be captured in slippery adhesion 
because it is difficult to quantify the effect of the slippage. This 
can be shown by an extreme case in which ε is zero (nonstretch-
able) but the bending curvature κ is nonzero: the nonzero 
bending curvature/angle cannot be deduced by the measured 
zero sensor strain. Therefore, the alternative approach by strain 

sensors demands perfect adhesion of the sensors to target 
surfaces, which is a harsh requirement and severely limits its 
practical applications to wearable electronics. Figure 1b shows 
our curvature sensor that is attached to a glove to achieve adhe-
sion-free curvature measurement: even though there is slip-
page between the finger and glove, the bending curvature can 
still be obtained; this will be elaborated in Section 2.3. On the 
other hand, the most existing techniques developed for curva-
ture sensing are focused on noncontact optical methods[22] and 
fiber-optic sensors.[23,24] However, complex measurement sys-
tems and complicated operation principles have hindered their 
portability and applications to wearable devices. Therefore, it is 
indispensable to develop new curvature sensors that are suit-
able for integration with flexible and wearable electronics.

Here, we introduce a novel adhesion-free thin-film-like cur-
vature sensor that can effectively monitor bending activities. 
The key idea of the design is based on the mechanism of beam 
bending, of which, the curvature can be deduced from the 
strain difference of the top and bottom surfaces, and is inde-
pendent of the strain values themselves. From the view of appli-
cations, the most prominent advantage of the present sensor is 
that the measurement is independent of the strain of the target 
surface and the interfacial slippage, thus the perfect adhesion 
between the sensor and the surface is unnecessary; this is very 
attractive for wearable bioelectronics. In the following, we pre-
sent design, fabrication, mechanism, structural analysis, per-
formance characterization, and device-level demonstrations in 
representative applications of adhesion-free curvature sensors. 
Satisfactory experimental results, the features of adhesion-free, 
low-cost, simple operation principle, and portability guarantee 
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Figure 1.  a) Schematic illustration of both perfect and slippery adhesions of a strain sensor to a joint of an index finger for measurement of bending 
deformation. b) Curvature sensor that is attached to a glove to achieve adhesion-free curvature measurement.
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the tremendous application potential in flexible and wearable 
electronic devices.

2. Results and Discussion

2.1. Design and Fabrication of Novel Curvature Sensor

Figure  2a shows an exploded view of the developed curvature 
sensor; the multilayer configuration is composed of an inter-
layer, two sensitive grids with the external leads located at the 

top and bottom of the interlayer, and two encapsulated layers 
at the top and bottom of the structure, respectively. The mate-
rials used include the constantan foil for the sensitive grids, 
phenolic resin for the interlayer, polyimide (PI) for the encap-
sulated layers, and slender copper wire for the external leads. 
Constantan has the best overall combination of properties, 
including, e.g., an adequately high strain sensitivity, which is 
relatively insensitive to strain level and temperature. Its resis-
tivity is high enough to achieve suitable resistance values in 
even very small grids, and its temperature coefficient of resist-
ance is not excessive. Besides, constantan is characterized by 
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Figure 2.  Schematic illustration of the novel flexible curvature sensor. a) Exploded view of the sensor. b) Demonstration of a curvature sensor that is 
attached to a cylinder. c) Top-view optical image of the sensitive grids. d) Fabrication process of a curvature sensor (described in detail in the main text).
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good fatigue life and relatively high elongation capability, which 
is favorable when applied to flexible electronics. Figure 2b dem-
onstrates a fabricated 1.5 cm × 1.5 cm curvature sensor that is 
attached to a cylinder. The sensitive grids have the apparent in-
plane dimensions of 1.2  mm × 1  mm, with details shown in 
Figure 2c. More detailed configuration and dimensions appear 
in Figure S1 and Table S1 (Supporting Information), respec-
tively. The fabrication process of a curvature sensor is outlined 
in Figure 2d, which is realized by conventional processing strat-
egies. The main steps include spin coating, lithography, encap-
sulation, and lamination. Details appear in the Experimental 
Section. Since the manufacturing procedure could be achieved 
by usual equipment, it has great potential for realizing low-cost 
curvature sensors.

2.2. Mechanism, Structural Analysis, and Characterization  
of the Curvature Sensor

The structure of the developed curvature sensor is designed 
according to the mechanism of beam bending.[25] It is known 
that the convex surface of a bent beam is in tension while the 
concave surface is in compression. If the lengthwise strains of 
both the surfaces are obtained, the bending curvature of the 
beam can be inferred by the beam theory. Since the strain can 
be related to the measurable resistance change that is extracted 
by a sensitive grid, the measurement of bending curvature 
becomes possible. Figure  3a shows the schematic diagram 
of our curvature sensor under pure bending. In the present 
layout, under the beam theory-based deformation mode with 

plane cross-section, the bending curvature, denoted by κ, is 
expressed by[25]
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κ
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where t is the thickness of the interlayer that is much thicker 
than the sensitive grids, εtop and εbottom are the strains of the 
top and bottom sensitive grids, respectively. For the sensitive 
grids, we have the relationship, ΔR/R  = KSε, where ΔR is the 
change in resistance caused by the strain ε, R the resistance of 
the undeformed grid, and KS the gauge factor (GF).[4,12,14,16,26] 
Accordingly,
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are obtained for the top and bottom sensitive grids, respectively, 
where ΔRtop and ΔRbottom are the changes in resistance. From 
Equations (1) and (2), the curvature can be given by the directly 
tested parameters

1

S
top bottom

tK R
R Rκ ( )= ∆ − ∆

	
(3)

If the sensor is subject not only to bending, but also to 
stretching in use, the strain in each of the top and bottom 
layers contains both bending strain and membrane strain, i.e., 
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Figure 3.  a) Schematic illustration of a curvature sensor under pure bending. b) Relationship between the strain in the top sensitive grid and radius of 
curvature. c) Difference of resistance changes in the two sensitive grids versus the cylinder radius. d) Comparison of the measured radii of curvature 
and those real of typical objects, including an inflator, an injector, a bottle, and a petri dish.
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εtop = εmembrane + εbending, and εbottom = εmembrane − εbending, where 
the bending strains in the top layer (εbending) and bottom layer 
(−εbending) are opposite. The effect of membrane strain induced by 
stretching is eliminated by the difference between εtop and εbottom, 
as revealed in Equations (1)–(3). As a result, whether the sensor is 
stretched or not does not impact the curvature measurement. As 
illustrated in introduction (see Figure 1), the usual strategy that 
using strain sensors for curvature measurements needs perfect 
adhesion of the sensors to target surfaces or enough interfacial 
friction (i.e., the sensor must be stretched with stretching of the 
target surfaces), which is impractical for wearable electronics 
because the slippage (or even nonadhesion) is usually inevitable. 
Here, perfect adhesion is not required, as the curvature measure-
ment is independent of the membrane strain. The present curva-
ture sensor provides a very attractive feature, with great potential 
in achieving flexible and stretchable wearable electronic devices.

We adopt a part of the sensor, with 1.2 mm apparent length 
(the same size as that of the sensitive grids), 100 µm thick 
interlayer, 10 µm thick encapsulations, and 4 µm thick sensitive 
grids (see Figure S1 and Table S1, Supporting Information for 
details), for the theoretical and finite element analysis (FEA, see 
the subsection “Finite Element Analysis” in the Experimental 
Section for details). According to the beam theory,[20] the strains 
in the top and bottom sensitive grids (Figure 3a), depending on 
the radius of curvature r (= 1/κ), are given by

2
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The relationship between εtop and r is plotted in Figure 3b, 
indicating that the bending radius should not be less than 
2.5  mm to avoid overstrain (the present sensor offers ≈2% 
limit strain). According to Equation  (3), the GF for the curva-
ture sensor is defined as KS = (ΔRtop − ΔRbottom)/(tκR). Calibra-
tion of KS is implemented by measuring a set of cylinders with 
different known radii. A good linear correlation is found in 
Figure 3c by plotting the difference of resistance changes in the 
two sensitive grids versus the cylinder curvature. Wheatstone 
bridge is incorporated in the read-out technique for a high accu-
racy measurement. Linear least-squares regression of all meas-
urement points is used to determine KS as 1.578 (reciprocal of 
the slope of the line). Using the calibrated curvature sensor, 
some objects, with prescribed radii of curvature ranging from 
≈15 to 60 mm, are examined, including an inflator, an injector, 
a bottle, and a petri dish. Figure 3d shows the measured radii 
(r) versus those real (r0) of the objects by the dots with the coor-
dinates (r0,r), where the dashed line corresponds to r = r0. It is 
seen that almost all the dots are on the line, suggesting that the 
measured radii of curvature are accurate enough.

It should be emphasized that the present sensor is, of 
course, applicable to simultaneous measurement of curvature 
and tension/compression, with the latter simply accomplished 
according to εbottom = ΔRbottom/(KSR).

2.3. Adhesion-Free Tests and Sample Curvature Measurements

Flexible and stretchable wearable electronic devices are either 
directly adhered to the human body or attached to those people 

wear such as the gloves and clothes.[4,27–29] The latter cases 
have more extensive potential applications, since they are 
more acceptable for the users. However, the latter cases usu-
ally require the adhesion-free feature that the sensors can be 
integrated onto the gloves and clothes, but the measurement 
does not depend on the slippage between the wears and human 
body. Fortunately, as has been mentioned above, the present 
curvature sensor can achieve adhesion-free measurements due 
to its main advantage, i.e., independence of the strain of the 
target surface and dependence on bending deformation only. To 
validate this, we carry out some tests by attaching the sensor to 
a steel sheet for measuring bending deformation (Figure 4a–h).

Figure 4a,b shows the flat and bent states of a sheet induced 
by compression in the length direction. According to the theory 
of Euler buckling, the radius of curvature at the center of the 
buckled steel sheet is[25,30]

2
r

L L
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=
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where L is the length of the undeformed sheet and ΔL the 
axial displacement of the end. The beam theory shows that 
the surface strain εsurface is proportional to the thickness of the 
steel sheet tsheet, i.e., εsurface  = tsheet/(2r), which, together with  
Equation (5), gives
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sheett

L

L

L
ε π= ∆

	
(6)

The curvature sensor is attached at the center of the steel 
sheet for measment. Two ways of attaching are investigated, 
one with the sheet bent to have a nonzero curvature before 
the sensor is attached (case I), the other one with the sensor 
attached before the sheet is bent (case II). These two cases lead 
to different strains in the sensors. For Case I, only bending 
strain exists, i.e., εtop  = t/(2r) and εbottom  =  −t/(2r) according 
to Equation  (4). For case II, besides bending deformation, the 
surface strain εsurface of the steel sheet is also transfered to the 
sensor as a stretch. Both bending and membrane strains exist, 
i.e., εtop = t/(2r) +εsurface and εbottom = −t/(2r) +εsurface. According 
to the relationship from Equation (2), the measured resistance 
change for the two cases should also be different. The above 
derivations give
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Figure  4c shows the experimentally recorded ΔRtop/R 
(upper red and green hyphens) and ΔRbottom/R (lower red and 
green hyphens) for ΔL/L = 0.2,  0.4, and 0.6, respectively. The 

Adv. Mater. Technol. 2018, 1800327
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recorded ΔRtop/R and ΔRbottom/R for case I (green hyphens) 
have the same absolute values but opposite signs, while those 
for case II (red hyphens) shift upward by a certain value, which 
reflects the effect of surface strain εsurface. These exprimental  
tests (hyphens) agree very well with the preditions from 
Equations  (7) and (8) (lines). Although the measured resistance 
changes are different in the two cases, the same curvatures can 
be obtained, which can be theoretically shown by the substitu-
tion of Equations  (7) and (8) into Equation  (3). Experimental 
agreement is also observed in Figure 4c, e.g., 0.150 for case I 
versus 0.142 for case II, 0.208 versus 0.200, and 0.275 versus 
0.275. The tested curvatures are accordingly compared with 
the theoretical ones, as plotted in Figure 4d, where satisfactory 
agreement is observed between the measured radii of curvature 
(dots) and those by Equation  (5) (line). This confirms that the 
measurement of the present curvature sensor is independent of 
the ways of attaching, i.e., the surface strain.

Another group of experimental tests are carried out to fur-
ther confirm that the measured curvature does not depend 
on the surface strain εsurface and the interfacial adhesion.  
Equation (6) shows that εsurface depends on the thickness of the 
steel sheet tsheet. Therefore, the curvature sensors are used on 
two sheets with different thicknesses: a thin sheet with thick-
ness of 0.05 mm (Figure 4e) and a thick sheet with thickness 
of 0.1  mm (Figure  4f). Both are attached at the center before 
the sheet is bent (case II). Similar agreements on the differ-
ence of resistance changes (Figure  4g) and radii of curvature 
(Figure 4h) to those shown in Figure 4c,d are found. It is con-
firmed that the measurement by the present sensor is scarcely 
influenced by the surface strain of the object itself.

In some situations, periodic bending is unavoidable, where 
both positive and negative curvatures need to be monitored. 
Typical examples include bending of a thumb, wiggle of a wrist, 
motion of a robot arm, etc.[31,32] The capability of real-time 
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Figure 4.  a) Attachment of the sensor to a steel sheet. b) Bending of the sheet by in-plane compression. c) Resistance changes for two ways of 
attaching. d) Comparison between the measured radii of curvature and those theoretical for two ways of attaching. Attachment of the sensor to e) a 
thin sheet, or f) a thick sheet. g) Resistance changes for two sheets with different thicknesses. h) Comparison between the measured radii of curvature 
and those theoretical for two sheets with different thicknesses. A further test for an object under periodic bending from i) the undeformed flat state to 
j) convex state, and to k) concave state (Movie S1, Supporting Information). l) Periodic time-varying curvature measurement.
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monitoring is also absolutely essential in these cases. In this 
context, a further test is carried out for an object under peri-
odic bending, with a period changing from the undeformed flat 
state (Figure 4i) to convex state (Figure 4j), and to concave state 
(Figure  4k), then back to the flat state (Movie S1, Supporting 
Information) within a couple of seconds, which coincides 
with the speeds of usual body movements. The measurement 
shown in Figure  4l gives the periodic time-varying curvature, 
encompassing both positive and negative characteristics, dem-
onstrating the ability of the present sensor to accomplish both 
plus/minus and real-time curvature monitoring with good 
sensitivity.

2.4. Representative Applications to Dynamic Curvature 
Monitoring

Dynamic curvature measurement is of great significance in 
monitoring diverse body activities and measuring biomechan-
ical signals toward healthcare applications.[33,34] In view of the 
excellent performance elaborated in the previous section, we 
implement several representative dynamic curvature moni-
toring using our curvature sensors.

Cardiac physiological mapping is critically important in 
both basic and clinical cardiology. Figure  5a shows a recently 
developed representative 3D multifunctional integumentary 
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Figure 5.  a) A recently developed representative 3D multifunctional integumentary membrane integrated on a Langendorff-perfused rabbit heart. 
Reproduced with permission from ref. [35]. b–e) Attachment of the sensors to both the left and right ventricles and atriums of a cardiac model. f) His-
togram summarizing the radii of curvature of the four parts as shown in (b)–(e). g,h) Attachment of the sensor to a joint of a periodically bent index 
finger (Movie S2, Supporting Information). i) Curvature change with time for the joint of an index finger. j,k) Attachment of the sensor to a periodically 
bent elbow joint. l) Curvature change with time for the elbow joint.
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membrane integrated on a Langendorff-perfused rabbit 
heart,[35] where various biosensors were used for measurements 
of cardiac activities, including sensors for pH, temperature, 
mechanical strain, etc. It is noted that only the strain sensor 
was integrated for deformation sensing. However, because of 
the inevitable slippage of the device on the epicardial surface, 
accurate measurement of cardiac strain (i.e., tension/compres-
sion deformation) is unattainable, and the bending deformation 
cannot even be captured. By comparison, using the present 
curvature sensor can well address the above issues in view of 
the insensitivity to slippage. As a schematic demonstration, 
Figure  5b–e shows the curvature sensor that is attached to 
either the left or right ventricles and atriums of a cardiac model 
via the optically clear adhesive. Figure  5f plots the histogram 
that specifically summarizes the radii of curvature of the four 
parts, indicating that the quantitative capture of bending defor-
mation is feasible by using the present sensor.

Monitoring joint activities plays an important role in human 
health monitoring, with potential applications to postoperative 
rehabilitation, gesture recognition, motion detection, etc.[36–38] 
It may even provide more exciting opportunities in the field of 
artificial intelligence, e.g., by offering accurate sensing to help 
realize the simulated perception.[8,39–41] The next application is 
thus on a joint of an index finger (Figure  5g). The curvature 
change with time is acquired during the periodic bending of 
the finger (Figure 5h), and is exported to Figure 5i (Movie S2, 
Supporting Information). Another similar application is on 
measuring the curvature of a periodically bent elbow joint. 
Figure 5j,k corresponds to the states with zero and maximum 
curvatures, respectively, and the curvature–time curve is plotted 
in Figure 5l. With the inherent adhesion-free feature, the feasi-
bility of integrating the present curvature sensor on wearable 
electronic devices is well illustrated by the above applications.

Successful capture of the real-time curvature information 
confirms the validity of the developed sensor for dynamic mon-
itoring. It is worth noting that there may exists a difficulty in 
measuring the bending angles of some big joints with irregular 
surfaces such as the knee joint.[42–44] The sensor itself must be 
long enough in such an application so that the full joint is cov-
ered. Since the surface curvature is not constant everywhere, 
the sensor will accordingly have variable curvature except at 
both ends where straight segments are maintained. The key 
problem arises: is the measurement using the present sensor 
still valid? Figure S2 (Supporting Information) shows the sche-
matic illustration of a theoretical model of the sensor incor-
porating the effect of variable curvature distribution for meas-
uring the bending angles of the joints. The sensor, having the 
apparent lengthl(the same size as that of the sensitive grids), is 
deformed into arbitrary shape due to the irregular surfaces of 
the joints such that the curvature changes with the curvilinear 
coordinate s running from A to B. For infinitesimally small ds 
at any point on AB, we have

R K R

R K R

d = d

d = d
top S top

bottom S bottom

ε
ε

( )
( )
∆
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(9)

at the top and bottom sides of the sensor, respectively. Here, 
each symbol is in accordance with that in the previous 

descriptions. The resistance change caused by bending is 
obtained by integration of Equation  (9). Applying the relation-
ships dR/ds =R/l, dθ/ds = 1/r, and Equation (4), we have
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From Equation  (10), we have θB  − θA  = l(ΔRtop  −  ΔRbottom)/
(tKSR). Considering Equation (3), we write

θ θ κ− = lB A 	 (11)

Here ( /)( )top bottom SR R tK Rκ = ∆ − ∆  represents the mean cur-
vature, which is obtained by the measured resistance changes. 
Equation (11) suggests that the bending angle θB − θA depends 
only on the apparent length of the sensor and mean curvature 
that is obtained by Equation (3). Therefore, the present sensor 
is still valid for measuring the bending angles of the joints with 
irregular surfaces such as the knee joint.

To demonstrate a device-level application of the adhesion-
free curvature sensor, we fabricate a smart glove for gesture 
recognition in terms of curvature measurements (Figure  6a). 
Such a device is very helpful for facilitating fine-motion con-
trol in robotics and virtual reality; it might be used, e.g., as a 
master-hand to control a remote slave robot for telesurgery or 
to increase demining safety and speed.[4,27,28,45,46] Here, the sen-
sors are mounted on a soft stretchable glove via the optically 
clear adhesive, with the position of each sensor aligning with 
each knuckle of the fingers. The configurations of the sensors 
are given on the left and right of Figure 6a (see also Figure S3 
and Table S2, Supporting Information for details). The serpen-
tine stretchable structure (right middle image of Figure  6a) 
interconnects the sensors, and their assembly connects with a 
data processing module (right bottom image of Figure  6a) on 
the wrist top, which encompasses a tiny electronic display, a 
bluetooth module, five buzzers as well as LED indicators associ-
ated with the five fingers, and some necessary data processing 
chips. The measured resistance is recorded on the display, with 
0.2 Ω accuracy. The threshold can be set such that the buzzing 
sound is made once the difference of resistance changes 
exceeds the specified value, i.e., excessive curvature is reached. 
Figure 6b gathers and plots the real-time curvatures for finger 
movements of a left hand, with the thumb, index, middle, both 
index and middle, both ring and little, and index-middle-ring 
group bent in sequence within 52 s. The present curvature 
sensor-integrated smart glove can individually capture each 
finger’s movement at different stages, demonstrating accurate 
response and favorable effectiveness of the glove. The sign lan-
guage recognition can also be realized by detecting the curva-
ture changes for different gestural expressions, e.g., indicating 
the letters “A,” “C,” “D,” “E,” “V,” “Y,” and the words “thank 
you,” “20,” and “good night,” as demonstrated in Figure  6c. 
The device works well even under hundreds of bending cycles 
in our experiment, thus showing good robustness of the adhe-
sion of the sensors to the glove. For a final commercial product, 
better adhesive and glove materials as well as encapsulation 
could be explored, which would further improve the robust-
ness. The characteristic of clear differentiation among the ges-
tures by the developed glove provides a new way of automatic 

Adv. Mater. Technol. 2018, 1800327
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understanding in the deaf community. Such a smart glove 
is also very useful for monitoring the finger motions of the 
patients in a minimally conscious or vegetative state, which is 
expected to play a remarkable role in wakening the patients.

A further application of the present curvature sensor is on 
the sitting posture monitoring and correction system, which 

is assembled on tight clothing to fulfill conformal movements 
with the human body. Such a device is of great significance 
for protecting people against diseases by incorrect sitting, e.g., 
cervical and lumbar spondylopathy, in a more comfortable way 
than conventional clumsy mechanical devices.[47] Detailed 
configuration and dimensions appear in Figure S4 and Table S3  
(Supporting Information), respectively. In Figure  7a (right 
image), an adult human subject, sitting upright in a chair from 
the start, bends down, then goes back to the upright state to 
finish a period of the bending movement. The curvatures at 
different locations of the back of the subject during bending 
are recorded by four curvature sensors that are attached to the 
positions corresponding to cervical (black), top and bottom tho-
racic (red and green), and lumbar vertebrae (blue), respectively 
(middle image of Figure 7a). The measured results are reflected 
by the curvature–time relationship as plotted in the left image 
of Figure  7a. Another similar measurement is carried out for 
periodic motions between upright upper body and drooping 
of the head of the subject (Figure  7b). An illustration of the 
measurements can be viewed in Movie S3 (Supporting Infor-
mation). The difference between the two movements can be 
accurately captured by inspecting obvious changes in the curva-
ture results; this shows that the present measurements are very 
sensitive, which is very useful for accurate correction of sitting 
postures. It is noted in the experiments that the thickness of 
the interlayer should be neither too thick, which may yield large 
strain in the gauges toward fracture, nor too thin, which may 
yield insensitivity of the sensor.

2.5. Rosette Curvature Sensor

The aforementioned sensor is only applicable to unidirectional 
curvature sensing, but the curvatures measured in different 
directions may differ for a complex surface, thus necessitating 
the introduction of a variant sensor that can sense multidi-
rectional curvatures. Inspired by the design of rosette strain 
gauge,[48,49] we propose a new rosette curvature sensor. For 
convenience, we focus on the design with two orthogonal sen-
sitive grids at the top and two at the bottom of the interlayer 
(Figure  8a). The fabrication process is very similar to that of 
the unidirectional sensor as outlined in Figure  2d. Figure  8b 
shows such a sensor that is attached to a sphere. The solder 
tabs are designed to have relatively large cross-sectional area, by 
increasing the width (Figure 8c), and thus to have low electrical 
resistance such that they are insensitive to strain, which avoids 
the impact on the strain-sensitive grids. Detailed configuration 
and dimensions appear in Figure S5 and Table S4 (Supporting 
Information), respectively. Calibration of the rosette curvature 
sensor is implemented as proceeded in Figure  3c, except that 
the bending is conducted in both orthogonal directions. As 
shown in Figure  8d, bending in the vertical direction gives a 
set of nonzero results for the vertical sensitive grids (meas-
urement 1), yielding the GF of ≈1.578 that is the same as that 
obtained from Figure 3c, while zero resistance change is found 
for the horizontal sensitive grids (measurement 2), indicating 
that the measurements in two directions are independent. 
Similar results are found for bending in the horizontal direc-
tion (Figure  8e), giving the same GF. The measurements on 

Figure 6.  A smart glove for gesture recognition in terms of curvature 
measurements. a) Configuration of the sensors on the glove. b) Real-time 
curvatures for finger movements of a left hand, with the thumb, index, 
middle, both index and middle, both ring and little, and index-middle-
ring group bent in sequence. c) Sign language recognition, with typical 
gestural expressions demonstrated.
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two spheres with different radii of curvature indicate very small 
errors of both orthogonal gauges (Figure 8f). The periodic con-
cave (Figure 8g) and convex (Figure 8h) diagonal bending of the 
rosette curvature sensor attached to an object is carried out. The 
real-time monitoring in Figure 8i confirms that both orthogonal 
gauges yield very close curvatures in the 45° direction.

3. Conclusion

In this study, we introduce a novel adhesion-free thin-film-
like curvature sensor that can monitor bending activities when 
integrated with flexible and stretchable platforms. The adhe-
sion-free tests and sample curvature measurements confirm 
the prominent feature that the measurement is independent 
of the strain of the target surface and the interfacial slippage, 
i.e., perfect adhesion between the sensor and the surface is 
unnecessary. A periodic bending test demonstrates the ability 
to accomplish both plus/minus and real-time curvature moni-
toring with good sensitivity. With the well-established charac-
ters, the present sensor is extensively applied for quantitative 
monitoring of bending deformation, including measurements 
of a cardiac model and various joint activities. The device-
level demonstrations reveal the comprehensive abilities of the 

sensor, including a smart glove for gesture recognition and a 
sitting posture monitoring and correction system. Multidi-
rectional curvature sensing is also fulfilled by a new design of 
rosette strain gauge for monitoring complex surfaces. The com-
prehensive design, fabrication, mechanism, structural analysis, 
performance characterization, and device-level demonstrations 
of the sensor as reported in this study highlight its advantages 
of adhesion-free, simple mechanical principle, low cost, and sat-
isfactory monitoring results, thus showing exceptional superi-
ority for applications to various flexible and wearable electronic 
devices.

4. Experimental Section

Fabrication Process of Adhesion-Free Flexible Curvature Sensor: The 
fabrication process is shown in Figure  2d. The constantan foil for 
the sensitive grids is composed of 59% copper, 40% nickel, and 1% 
manganese, which was cut into a size larger than that of the mask. 
The acetone solution was used to remove the contaminations on 
the surface of the foil. As the adhesion promoter, novolac epoxy was 
coated on the foil surface, followed by placing it over a hot plate while 
stabilizing the temperature at 150 °C for 2 h to accelerate solidification. 
Conventional photolithography was adopted to produce the sensitive 
grids, i.e., spin coating of photoresist, exposure, developing, etching 

Figure 7.  Application of the curvature sensor to sitting posture monitoring and correction. a) Measurement of periodic motions between upright sit-
ting and bending down of the upper body of an adult human subject. b) Measurement of periodic motions between upright sitting and drooping of 
the head of the subject. See Movie S3 (Supporting Information) for a larger field of view of the measurements.
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of exposed foil (by ferric chloride solution), and removal of remaining 
photoresist (by trichloroethylene). The configuration of the generated 
sensitive grids was inspected by a high-powered microscope, then 
the diluted corrosive ferric chloride solution in combination with 
mechanical polish was used to adjust the resistance to 120 Ω. A 
durable protecting layer was then stuck to the sensitive grids. In the 
next step, the external leads were weld to the end of the grids. After 
cutting into the size as desired and conducting the configuration 
and resistance examinations, two sensitive grids were integrated 
with perfect reverse alignment on both sides of the interlayer by 
thermocompression bonding. Two encapsulation layers were laminated 
on the top and bottom of the interlayer with the sensitive grids to 
finish the fabrication. Informed signed consent was obtained from the 
subject involved in the experiments.

Finite Element Analysis: The FEA was conducted using the ABAQUS 
software package for bending of a part of the sensor (Figure  3b). The 
Young’s moduli and Poisson’s ratios for the materials used were 2.5 GPa 
and 0.35 for PI (encapsulated layers), 4 GPa and 0.35 for phenolic resin 
(interlayer), and 163 GPa and 0.33 for constantan (sensitive grids).[50,51] 
The entire part was tied to two rigid bodies at both ends, and a rotation 
angle was imposed on the rigid bodies to realize the pure bending of the 
model. The 8-node linear brick element was adopted for the laminate.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Figure 8.  A new rosette curvature sensor. a) Exploded view of the rosette sensor with orthogonal sensitive grids. b) Demonstration of the rosette 
curvature sensor that is attached to a sphere. c) Top-view optical image of the sensitive grids. d,e) Differences of resistance changes with sphere 
radius for bending in both orthogonal directions. f) Measurements from both orthogonal gauges on two spheres with different radii of curvature. 
g,h) Periodic concave and convex diagonal bending of the rosette curvature sensor that is attached to an object. i) Real-time monitoring of curvatures 
in the 45° direction.
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