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Paper-based device of designer soft layered polymer composites 
for measurement of weak friction force
Kei Watanabe,a Hiroaki Imai,a Yuya Oaki*,a,b 

Measurement of friction force is important for safety, security, and health of our life. Excessive friction force causes 
degradation of materials and biological bodies. For example, tooth enamel and gum are damaged by strong toothbrushing 
force. However, friction force is not easily measured by conventional materials and devices. Here we proposed the design 
strategies of paper-based device for measurement of friction force. Toothbrushing force, a model of weak friction force, is 
the measurement target in the present work. The soft layered composites of polydiacetylene (PDA) and interlayer guest 
macromolecule were designed and synthesized to achieve visible color change in response to weak friction force. A data-
scientific approach assisted selection of the interlayer guest molecule to control the stimuli responsivity of the layered PDA. 
The guest polyethyleneimine (PEI) formed the soft layered composites exhibiting the color change in response to weak 
friction force. The paper-based device of the layered PDA/PEI composite showed the gradual color change from blue to red 
in response to the strength and number of the applied friction force. As a model case, toothbrushing force was measured 
using the paper-based device. The present work shows new design strategies of molecules and materials toward 
measurement of a wide variety of friction force. 

Introduction
Mechanical stress, such as shear, compression, and tensile 
stresses, causes degradation and damage of materials. 
Materials and devices for detection of mechanical stresses are 
required to alert before serious damages. Mechano-responsive 
materials have been rapidly developed for visualization and 
detection of mechanical stresses.1–5 Mechano-responsive 
materials have potentials for application to wearable and 
biocompatible sensing devices.6–8 Mechanical stresses are 
detected by changes of visible and/or fluorescent colors 
through the structure transition of materials containing 
chromophores.9–21 Compression and tensile stresses with 
macroscopic deformation were visualized and quantified using 
stimuli-responsive soft materials.9–15 Although friction force 
was visualized by changes of fluorescent color,16–21 the 
quantification is still an important challenge in materials 
science. In general, the strength and number of the applied 
friction force are not easily quantified by the color because the 
original color turns at certain threshold with the structure 
transition. If the color is gradually changed in response to 
strength and number of the applied friction force, not only the 
visualization but also the quantitative measurement can be 
achieved by the color. A number of health problems, such as 

bedsores and thrombus, are related to shear stress.22–26 For 
example, toothbrushing force has attracted interests.25,26 
Although the strength is represented by force normal to 
teeth,27,28 the brushing force is not quantified as friction force. 
Therefore, new materials and devices with tunable stimuli 
responsivity are required for measurement of a wide range of 
friction force. Here we propose the design strategies of 
materials and devices for measurement of friction force. Paper-
based device of designer soft layered polydiacetylene (PDA) 
enables measurement of toothbrushing force as a model of 
weak friction force (Fig. 1). 

Fig. 1   Design strategies of materials and devices for measurement of friction force using 
layered polymer composites of PDA and PEI. (a) Sparse modeling toward prediction of 
the stimuli-responsive color-change properties using previous our experimental data. (b) 
Layered composites of PCDA and PEI synthesized by self-organization and their 
topochemical polymerization to PDA/PEI. (c) Visualization of the applied friction on the 
PDA/PEI paper-based device and its application to measurement of toothbrushing force.
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   PDA derivatives show color changes with application of 
external stimuli, such as heat, light, and force.29–39 Control of 
stimuli responsivity, i.e. color-change behavior, is an important 
challenge for a wide range of sensing applications. For example, 
improvement of the responsivity is required for detection of 
weaker friction force, such as toothbrushing force. Application 
of external stimuli induces motion of the side and PDA main 
chains.34,40 The color is changed by shortening of the effective 
conjugation length with torsion of the PDA main chain. A 
general approach to control the stimuli responsivity is design 
and synthesis of diacetylene (DA) monomers.41–50 Our group has 
developed new intercalation approach to control the stimuli 
responsivity through tuning the flexibility of the layered 
structures.51–56 Since soft layered materials exhibit dynamic 
functions,57–59 tuning the flexibility is a key to control the 
properties. Amphiphilic DA monomers, such as 10,12-
pentacosadiynoic acid (PCDA), form the layered crystal 
structure (Fig. 1b). The interlayer space accommodates the 
guest ions and molecules. The types of the guests have effects 
on the flexibility of the layered structure determining the 
stimuli-responsive color-change properties, such as color, 
responsivity, and reversibility.51–56 Our recent work showed 
visualization of stronger share stress using the layered 
composite of PDA and organic amines.60 However, the color 
change was not induced by application of weaker friction force 
related to health care. In addition, the general design strategies 
of materials and devices were not elucidated for measurement 
of diverse friction force. In the present study, new guest 
molecules for control of the stimuli responsivity were explored 
with assistance of a data-scientific method (Fig. 1a). According 
to the resultant design strategy, the layered PDA composites 
with the enhanced sensitivity were prepared to detect weaker 
friction force. Moreover, the paper-based device realized the 
gradual color change in response to number and strength of the 
applied friction force. 

In recent materials science, data science has been used to 
accelerate exploration of new compounds and enhanced 
performances.61–65 Our group has applied sparse modeling, a 
data scientific method, to small dataset based on our own 
experimental results.65 Sparse modeling, a recent informatics 
approach, is utilized to construct a prediction model for 
explanation of whole behavior by a small number of strongly 
correlated factors, namely descriptors.66,67 The approach can 
accelerate exploration of synthetic processes and discovery of 
new materials with enhanced properties. In the present work, 
the descriptors to control the color-change properties of 
layered PDA were explored in the previous experimental data 
using sparse modeling (Fig. 1a). According to the results, 
polyethyleneimine (PEI) was used as the interlayer guest to 
obtain the more flexible layered structure (Fig. 1b). The layered 
composites of PDA and PEI (PDA/PEI) actually showed the color 
change with application to weaker friction force. The PDA/PEI-
coated paper device showed the gradual color change with an 
increase in the number and strength of the applied friction force 
(Fig. 1c). A weak friction force, namely toothbrushing force, was 
actually measured by the color of the resultant device. 

Results and discussion
Design strategy of the layered PDA with tunable stimuli 
responsivity

A few factors related to stimuli responsivity of the layered PDA 
were explored by sparse modeling (Fig. 2). Since the layered 
PDA shows color change with heating, the stimuli responsivity 
is quantitatively characterized by the color-change 
temperature. A variety of layered PDAs with different 
temperature-responsive color-change properties were 
prepared by intercalation of guest organic amines in our 
previous works.53,56,60 Here the descriptors to control the color-
change temperature were extracted on the basis of our 
previous data. The contribution of each factor was firstly 
compared by a multiple regression analysis. Then, a couple of 
the descriptors were extracted on the basis of chemical 
perspective. This simple sparse modeling elucidates the 
important factors to control the stimuli responsivity. 

Fig. 2   Sparse modeling toward prediction of Ttrs. (a) Color-transition temperature (Ttrs) 
as an objective variable (y) estimated from the photographs by image analysis. (b) 
Objective variables (xi: i = 1–6) related to the layered structures. (c) Relationship between 
the predicted and measured Ttrs by the prediction model (eq. 1) using x1–x6. (d) 
Relationship between the predicted and measured Ttrs by the prediction model (eq. 2) 
using the extracted x1, x5, and x6.

Our previous works indicate that the color-change behavior 
of the layered PDA is characterized by the red-color intensity (x) 
of the photographs using image analysis, instead of the 
spectroscopic method (Fig. 2a).52,53 In the present work, the 
simple image analysis was mainly used for characterization of 
the color-change properties. The x value is estimated from the 
RGB values of the photographs by image analysis according to 
an international standard (See Electronic Supplementary 
Information (ESI)).68 The color-transition temperature (Ttrs) is 
defined as the temperature to achieve 0.5Δx, where Δx is the 
increment of the x originating from the color change (Fig. 2a). 
Whereas the pristine layered PDA showed Ttrs = 64.1 °C, Ttrs was 
changed within 39.2–101.3 °C by the interlayer guest molecules, 
such as normal alkylamines (Cn-NH2: CnH2n+1NH2, n = 1–16, 18), 
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normal alkyldiamines (Cn-(NH2)2: H2NCnH2nNH2, n = 4, 6, 8, 12), 
normal dialkylamines ((Cn)2-NH: H2n+1CnNHCnH2n+1, n = 4, 6, 8, 
10, 12), and branched alkylamine (H2m+1CmCH(NH2)CnH2n+1, m = 
1, n = 5 and m, n = 3).53,56,60 The Ttrs values for the layered PDA 
samples with 16 different guests were used as objective 
variables (y) because the data for the following explanatory 
variables were available (Table S1 in the ESI). The potential 
factors related to the Ttrs were set as the explanatory variables 
(xi: i = 1–6) (Fig. 2b); the interlayer distance of the layered 
composite (x1, d0), molecular weight of the guest (x2, Mw), 
boiling point of the guest (x3, Tb), molecular length of the guests 
(x4, L), the number of the amino groups in the guest molecule 
(x5, m), and measured molar ratio of PCDA monomer to the 
guest amine (nPCDA / namine, x6) (Table S1 in the ESI). Linear 
multiple regression analysis suggests that the objective variable 
Ttrs is represented using the explanatory variables by the 
following (eq. 1) with cross validation error (CVE) 15.75 °C. In 
the (eq. 1), the normalized coefficients indicate the relative 
weight of each explanatory variable. 

y = 11.46x1 – 31.37x2 + 36.17x3 – 1.835x4 + 6.081x5 + 8.483x6 + 
61.17 … (eq. 1)

The relationship between the predicted and measured Ttrs was 
summarized in the true-error plot (Fig. 2c). The more plots near 
the diagonal line indicate the higher accuracy of the prediction 
model. We extracted the descriptors to prepare the sparse and 
simplified model. The Mw (x2) and Tb (x3) respectively have 
negative and positive coefficients with almost the same 
absolute values. The contribution of these factors is cancelled 
each other out. In addition, the coefficient of the L (x4) smaller 
than that of the other factors can be ignored (Fig. S1 in the ESI). 
Therefore, the sparse prediction model was represented by the 
(eq. 2) using 3 descriptors, such as d0 (x1), m (x5), and nPCDA / 
namine (x6), with cross validation error (CVE) 25.14 °C (Fig. 2d). 

y = 13.11x1 + 12.10x5 + 5.390x6 + 61.17 … (eq. 2)

According to the model, the Ttrs can be roughly estimated 
from the descriptors d0, m, and RPCDA/amine. Although the 
predicted Ttrs is not so accurate, the model facilitates the design 
of the guests. The coefficients in (eq. 2) indicate that the Ttrs has 
positive correlation with these three descriptors. The higher Ttrs 
is achieved by the larger d0, m, and nPCDA / namine. These 
descriptors are consistent with chemical relevance. The larger 
d0 (x1) implies that the stronger interaction is achieved between 
the guest molecules in the interlayer space. For example, the 
longer alkyl chains of the guest amine induce the stronger van 
der Waals interaction. The stronger interaction between the 
layer and guest is achieved on the layered composites with the 
larger m (x5). Since the guest Cn-(NH2)2 (m = 2) coordinates with 
two host PCDA molecules, the mobility of the DA molecules is 
restricted by the guest amine. In contrast, the equimolar guest 
Cn-NH2 (m = 1) and host PCDA molecules forms the more soft 
layered structure because of the interdigitated alkyl chains of 
the amine. As the nPCDA / namine (x6) increases, the more dense 
and rigid layered structure is formed. Therefore, the higher Ttrs 

is achieved by the larger d0, m, and nPCDA / namine. If the flexible 
layered structures are prepared by the smaller d0, m, and nPCDA 
/ namine, the lower Ttrs and responsivity to weaker friction force 
can be achieved. Here we chose PEI as the guest to achieve 
lower Ttrs (Fig. 1b). The macromolecular amine is 
accommodated in the interlayer space with smaller d0. The low 
density of the imine group corresponds to smaller m and nPCDA 
/ namine. The soft layered polymer composites have potentials 
for responsivity to weaker external stimuli. In this manner, the 
sparse modeling facilitates to elucidate the specific factors 
related to the stimuli responsivity.

Fig. 3   Layered structures of PCDA and PCDA/PEI. (a) XRD patterns of PCDA (i) and 
PCDA/PEI at RPEI/PCDA = 0.25 (ii), 0.5 (iii), 0.75 (iv), 1.0 (v), and 2.0 (vi). The filled circles and 
open triangles are assigned to the peaks corresponding to the original layered PCDA (d0) 
and PCDA/PEI (d0′), respectively. (b) FT-IR spectra of PCDA (i) and PCDA/PEI at RPEI/PCDA = 
0.25 (ii), 0.5 (iii), 0.75 (iv), 1.0 (v) and 2.0 (vi). (c) Schematic illustrations of the PCDA/PEI 
layered structures with an increase in the RPEI/PCDA.

Soft layered polymer composites of PDA and PEI 

The layered PDA/PEI was prepared by self-organization and 
topochemical polymerization. A commercial branched PEI (Mn = 
60,000) was used as the guest (Fig. 1b). The precursor solution 
containing monomer PCDA and PEI was prepared with hexane. 
The molar ratio of PEI to PCDA (RPEI/PCDA) was adjusted to 
RPEI/PCDA = 0.25, 0.5, 0.75, 1.0, and 2.0 on the basis of the 
ethyleneimine monomer units. The weight content of PEI in the 
composite was calculated to be 2.79–18.7 wt% for RPEI/PCDA 
0.25–2.0. The layered composites of PCDA and PEI (PCDA/PEI) 
were obtained by evaporation of the solvent at room 
temperature under ambient pressure. The resultant PCDA/PEI 
was polymerized with irradiation of UV light. The detailed 
procedure was described in the ESI. 

PCDA without the interlayer guest had the peaks at 2θ = 1.91 
°, 3.77 °, and 5.65 ° corresponding to the lattice spacings 4.62 
nm, 2.34 nm, and 1.56 nm, respectively (the circles in Fig. 3a). 
These peaks are assigned to d0 / n (n = 1, 2, 3) of the layered 
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structure on the assumption of the interlayer distance (d0) 4.62 
nm (Fig. 3a). The peaks corresponding to additional interlayer 
distance (d0′) around 5.1–6.0 nm appeared with an increase in 
RPEI/PCDA (the triangles in Fig. 3a), whereas intensity of the 
original d0 peaks was weakened. The peak corresponding to d0′ 
was only observed at RPEI/PCDA = 1.0 and 2.0. The expanded 
interlayer distance (d0′) is comparable to d0 = 5.5 nm and d0′ = 
5.2 nm for accommodation of C4H9NH2 and C3H7CH(NH2)C3H7, 
respectively.60 The facts indicate that the layered composites 
with the smaller interlayer distance and nPCDA / namine are 
obtained by accommodation of PEI. 

The original PCDA showed the absorption band 
corresponding to the dimerized carboxy group around 1700 cm–

1 on the Fourier-transform infrared (FT-IR) spectrum (the band 
A in Fig. 3b). As RPEI/PCDA increased, the peak of the dimerized 
carboxy group was broadened and weakened (Fig. 3b). On the 
other hand, the absorption peaks of the carboxylate and 
secondary amine groups were observed around 1580–1670 cm–

1 and 1520–1580 cm–1, respectively (the bands B and C in Fig. 
3b). These XRD and FT-IR analyses indicate that the PEI-
intercalated PCDA domain is gradually increased with increasing 
RPEI/PCDA (Fig. 3c). The similar layered composites were obtained 
by a commercial linear PEI (Fig. S2 in the ESI). FT-IR analysis of 
the precursor solution suggests that the complex between the 
PCDA monomer and PEI is formed before evaporation of the 
solvent (Fig. S3 in the ESI). The complex is organized into the 
layered structure with evaporation of the solvent. The similar 
complexation and organization behavior were observed for 
PCDA and alkyl amines in our previous work.60 In this manner, 
layered composites of PCDA/PEI were obtained from the 
precursor solution through self-organization with evaporation 
of the solvent. 

Controlled stimuli-responsive color-change properties 

After irradiation of UV-light, PDA/PEI was formed by the 
topochemical polymerization. The PDA/PEI powder showed the 
blue color characteristic to PDA derivatives (Fig. 4a and Fig. S4 
in the ESI). The temperature-responsive color-change 
properties were studied to quantify the responsivity. The PDA 
and PDA/PEI showed the color change from blue to red with 
heating (Fig. 4a). The color-change temperature lowered with 
an increase in RPEI/PCDA. This trend is consistent with the 
prediction model indicating the lower Ttrs is achieved by the 
smaller nPCDA / namine. The color-change behavior is 
characterized by the relationship between temperature (T) and 
x for the original PDA and PDA/PEI (Fig. 4b and Fig. S4 in the ESI). 
The Ttrs, to achieve 0.5Δx, was actually lowered from 60.8 °C to 
28.2 °C with an increase in RPEI/PCDA from 0.25 to 2.0 (Fig. 4a,b 
and Fig. S4 in the ESI). The similar spectroscopic changes were 
observed on PDA and PDA/PEI at RPEI/PCDA = 2.0 (Fig. S5 in the 
ESI). In our previous reports,53,60 the Ttrs was changed in the 
range 39.2–106 °C by the guest low-molecular-weight amines, 
such as alkyl amines and diamines, in the interlayer space. In the 
present work, the lower Ttrs was achieved using PEI as the guest 
on the basis of the prediction. PEI contributes to formation of 
the more flexible layered structures compared with low 

molecular-weight alkyl amines. These results imply that tuning 
of the stimuli responsivity can be achieved by the flexibility 
control of the layered PDA.

Differential scanning calorimetry (DSC) analysis indicates 
that the structure change of the layered PDA/PEI composites 
proceeds at lower temperature than that of pure layered PDA 
without guests. DSC thermogram of the pure layered PDA 
showed the endothermic peak around 65 °C corresponding to 
deformation of the layered structure (the chart (i) in Fig. 4c).40 
This structure transition leads to the color change at Ttrs through 
shortening the conjugation length of PDA main chain. The 
additional broadened endothermic peak appeared around 35 °C 
at RPEI/PCDA = 0.25 and 0.5 (the chart (ii) in Fig. 4c and Fig. S6 in 
the ESI). The endothermic peak around 35 °C was only observed 
for the PDA/PEI at RPEI/PCDA = 0.75, 1.0 and 2.0 (the chart (iii) in 
Fig. 4c). In contrast, pure branched PEI has not peak in this 
temperature range (Fig. S6 in the ESI). The DSC analysis supports 
the improved stimuli responsivity with the lower Ttrs originates 
from the flexible layered structure of PDA/PEI. In addition, 
changes in the DSC thermograms imply the gradual formation 
of the flexible PDA/PEI domains with an increase in RPEI/PCDA (Fig. 
3c).

Fig. 4   Temperature-responsive color-change properties of PDA/PEI. (a) Photographs of 
the powdered samples with heating. (b) Relationship between T and x for PDA (circle) 
and PDA/PEI at RPEI/PCDA = 0.5 (triangle) and 1.0 (square). (c) DSC thermograms of PDA (i) 
and PDA/PEI at RPEI/PCDA = 0.5 (ii) and 1.0 (iii).

Paper-based device of the layered PDA/PEI 

The PDA/PEI layered polymer composite was obtained as 
powder. The aggregates of the sheet-like PDA/PEI around 1 μm 
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in width were observed by scanning electron microscopy (SEM) 
(Fig. S7 in the ESI). However, homogeneous friction force is not 
applied to the powdered state. Moreover, the paper-based 
device with homogenous coating and immobilization of the 
layered PDA/PEI is required to achieve the gradual color change 
in response to strength and number of the applied friction force 
(Fig. 5a). If the number of the color-changing domains from blue 
to red are increased on the cellulose fibers, the color of the 
paper-based device can be macroscopically changed by an 
increase in the number of applied friction force. 

Fig. 5   Paper-based device with coating of PDA/PEI on a filter paper consisting of 
cellulose bundles. (a) Schematic models of color-changing properties with application of 
friction force on the paper-based device. The color of the device was changed with an 
increase in the number of the red domain. (b,c) Photograph (inset), SEM, and BSE images 
of PDA/PEI on a filter paper. (d,e) SEM and BSE images of a filter paper without coating 
as a reference.

Dip-coating was used to obtain the paper-based device with 
the homogenous coating. A filter paper was dipped in the 
precursor chloroform solution containing the monomer PCDA 
and PEI at RPEI/PCDA = 2.0 around 5 sec. After evaporation of the 
solvent, topochemical polymerization was performed with 
irradiation of UV light. The PDA/PEI nanosheets were 
homogeneously coated on a filter paper (Fig. 5b–e). The 
PDA/PEI-coated paper showed the blue color (the inset of Fig. 
5a). Although the deposited PDA/PEI was not clearly observed 
on the secondary electron (SE) image by scanning electron 
microscopy (SEM) (Fig. 5b), the black and white domains with 
clear contrast appeared on the back-scattered electron (BSE) 

image (Fig. 5c). In general, contrast of the BSE image is 
generated from differences in composition and density.69 

Therefore, the black domains on the cellulose bundles 
correspond to the PDA/PEI-coated sheets (Fig. 5c). Although 
bundles of cellulose fibers were observed on a bare filter paper 
(Fig. 5d,e), the BSE image showed the homogeneous color 
without contrast (Fig. 5e). In this manner, the PDA/PEI was 
homogeneously coated on a filter paper. The coating density of 
the PDA/PEI was 0.56 mg cm–2 on a filter paper. The PDA/PEI-
coated paper showed the same temperature-responsive color-
change properties as those of the powdered samples (Fig. S8 in 
the ESI).

Measurement of weak friction force by the color 

The designed PDA/PEI-coated paper-based device was applied 
to measure weak friction force (Fig. 6). The relationship 
between the friction force and color was studied to achieve the 
measurement. Friction force was applied to the PDA/PEI-coated 
paper by the probe at the bottom of a cage with weight (Fig. 6a 
and Fig. S9 in the ESI). The temperature of the paper-based 
device was kept at 20 °C using a temperature-controlled stage 
to avoid the color change by heat. The color of the PDA/PEI-
coated paper was gradually changed from blue to red as the 
number of applied friction force (nf) increased (Fig. 6a,b). The 
optical microscopy images indicate that the number of the red 
domain was gradually increased with an increase in nf (Fig. 6c). 
The results mean that the number of the red-color PDA/PEI on 
the paper-based device was increased with increasing nF. This 
color change was not caused by the friction heat. When the 
same friction force was applied to a commercial thermo-label 
on the same experimental setup, no color change originating 
from friction heat was observed (Fig. S10 in the ESI). The 
increment of the red-color intensity (Δx) was gradually raised 
with an increase in the nF (Fig. 6d). The relationship between 
the nF and Δx was obtained for four different strength of friction 
force (Fig. 6d). The four PDA/PEI-coated samples were used to 
measure Δx at each strength to ensure the reproducibility. The 
results indicate that the accumulated stress, i.e. nF, is estimated 
from the Δx at the specific friction force. Moreover, unknown 
strength of friction force is quantified by the Δx at the constant 
nF. 

The standard curve was prepared for the quantitative 
detection of friction force (Fig. 6e). The friction force (F) was 
measured to be 0.20 N using a spring scale for the cage (109 g) 
without weight. When the weight 539 g, 1061 g, and 3000 g was 
loaded on the cage, the F was measured to be 1.20 N, 2.45 N, 
and 6.37 N, respectively (Fig. S9 in the ESI). The friction force 
was applied to the rectangular area L in length and d in width of 
the paper-based device with back-and-forth motion (Fig. 6a). 
Here the L and d are 5.0 mm and 0.76 mm, respectively. The 
number is defined as nF = n (n = 0, 2, 4, 6, … , 20). Therefore, the 
accumulated work (W / J) with the rubbing is calculated by the 
(eq. 3).

   W = F × L × nF … (eq. 3)
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If the color change is assumed to be achieved homogeneously 
on the area L in length and d in width, the red-color intensity Δx 
is correlated to the W on the unit area by the (eq. 4), where k is 
a constant with unit mm2 J–1 (= mm N–1). The constant k means 
to the responsivity of the device to the external stimulus. 

   … (eq. 4)∆𝑥 =  𝑘
𝑊

𝑑 ×  𝐿 = 𝑘
𝐹
𝑑𝑛𝐹

According to the (eq. 4), the Δx and F d–1 have the linear 
relationship under the constant k and nF. Here, F d–1 (N mm–1 = 
J mm–2) corresponds to the accumulated work on the unit area. 
The Δx at nF = 20 was measured on each 12 samples for F = 0.20 
N, 1.20 N, and 2.45 N to ensure the reproducibility (the black 
filled circles in Fig. 6e). The average Δx had the linear 
relationship with the F d–1 at nF = 20. Therefore, unknown F can 
be estimated from Δx at nF = 20 by (eq. 5) based on the linear 
approximation in Fig. 6e. 

   Δx = 2.64 × 10–2 × (F d–1) – 8.52 × 10–4 … (eq. 5)

Fig. 6   Visualization and quantitative detection of friction force. (a) Schematic illustration 
of the experimental setup. (b) Color changes of the PDA/PEI-coated paper (RPEI/PCDA = 2.0) 
with application of friction force 1.20 N and 6.37 N. (c) Optical microscopy images of the 
PEI/PDA-coated paper with application of friction force 6.37 N at nF = 0, 8, and 16. (d) 
Relationship between nF and Δx with application of friction force at 0.20 N, 1.20 N, 2.45 
N, and 6.37 N. (e) Relationship between the accumulated work (F d–1) and x with 
application of friction force at 0.20 N, 1.20 N, 2.45 N under nF = 20 as the standard curve 
for the quantification (the black plots). (f) Experimental setup for measurement of 
toothbrushing force. (g,h) Photographs before and after brushing by moderate strength 
using a normal brush (g) and strong strength using a hard brush (h). The colored plots (i)-
(ix) in panel (e) represent the measured Δx values by different 9 combinations of 
brushing force and brush hardness, as listed in Table 1.

Application of the device to measurement of toothbrushing 
force 

The paper-based device and measurement scheme are applied 
to estimate unknown weak friction force. Commercial 
toothbrushes with three different hardness, such as soft, 
normal, and hard, were used for quantification of brushing 
force on the PDA/PEI-coated paper (Fig. 6f). In general, 
appropriate brushing force is known to be 100–300 g as weight 
when brush is pressed to a platform scale.27,28 The brushing test 
was performed by the same experimenter with three different 
strength measured by platform scale, such as weak for 50–100 
g, moderate for 150–200 g, and strong for 250–300 g. The Δx at 
nF = 20 was measured for the nine combinations of the different 
brushing force and hardness (Table 1). The measured Δx values 
were plotted in the standard curve (the colored plots in Fig. 6e). 
Then, F was estimated from the Δx by the (eq. 5), where the d 
of the toothbrush is 9.0 mm. The friction force F of 
toothbrushing was measured to be in the range of 0.91–6.60 N 
(Table 1). The average friction force was 5.13 N for the hard 
brush, 2.33 N for the normal brush, and 1.08 N for the soft 
brush. The results imply that the brushing force mainly depends 
on the hardness of brush rather than the strength. Further study 
is needed to study the effects of the other factors, such as shape 
and composition of brushes and manual or electronic types. 
Understanding of brushing force contributes to keep our oral 
health. 

Table 1   Friction force measured by different brushing force and brush hardness.

Brushing force
Hardness Results

Weak Moderate Strong

Δx / 10–3 2.29 1.81 2.89

F d–1 / J 
mm–2 0.119 0.101 0.142Soft

F / N

(i)

1.07

(ii)

0.91

(iii)

1.27

Δx / 10–3 5.75 5.86 6.35

F d–1 / J 
mm–2 0.250 0.254 0.273Normal

F / N

(iv)

2.25

(ⅴ)

2.29

(vi)

2.45

Δx / 10–3 8.40 15.7 18.5

F d–1 / J 
mm–2 0.350 0.628 0.733Hard

F / N

(vii)

3.15

(viii)

5.65

(ix)

6.60

Conclusions
Layered PDA and its paper-based device were designed and 
prepared for measurement of friction force. Sparse modeling, a 
data-scientific approach, assisted selection of the interlayer 
guest to achieve controlled stimuli-responsive color-changing 
properties. According to the prediction model, the guest PEI 
formed the more flexible layered structure exhibiting color 
changes with application of weaker external stimuli, such as low 
temperature and weaker friction force. The layered composites 
of PDA and PEI were homogeneously coated on a filter paper to 
induce the gradual color change in response to the number and 
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strength of the applied friction force. The red-color intensity 
was used for measurement of friction force. Therefore, 
unknown friction force was estimated from the color of the 
paper-based device. As a model case, toothbrushing force was 
colorimetrically measured using the PDA/PEI-coated paper. In 
general, it is not easy to achieve measurement of friction force 
by conventional materials and devices. The present paper-
based device of the layered PDA with tunable responsivity has 
potentials for measurement of a wide range of friction force 
found in nature and daily life.
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The paper-based device of designer soft layered composite consisting of polydiacetylene 

enables measurement of friction force with gradual color change from blue to red in response 

to the strength and number of the applied friction force.
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