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Abstract  The moisture transport at the fuser nip of printers is postulated to be the main 
reason for paper curls. However, the fundamental mechanisms of paper curling remain unclear. 
Observing the moisture transport inside a sheet of paper through experiments is difficult be-
cause moisture transport rapidly occurs in a micro-scale thickness. Therefore, developing a 
theoretical model is crucial to understand the mechanisms of paper curling and to control the 
curls. In this study, we proposed a multiphysics model that includes the moisture and heat 
transport and mechanical deformation. The elasticity, plasticity, viscosity, and expansion 
caused by moisture were considered in the mechanical model to describe the complex material 
characteristics of paper. The curvature of curls was calculated using an effective two-spring 
model. The mechanisms of curling in printers and the direction of curls were understood
through finite element simulations. The proposed model can qualitatively predict the paper curls 
observed in experiments. The temperature- and moisture-dependent material properties of 
paper will be studied in the future to improve the proposed model.  

 
1. Introduction   

Paper curl is undesirable because it lowers printing quality and causes paper jams in ma-
chines. The curling of paper after printing is mainly because of the moisture transport inside its 
fabric network, as shown in Fig. 1(a) [1-7]. The excessive curling of paper is challenging, as 
shown in Fig. 1(b), particularly in tropical regions, where considerable moisture is absorbed by 
the paper because of hot and humid environments. Predicting and controlling paper curl is 
important in the printing industry. However, measuring the moisture transport through experi-
ments is difficult because it rapidly occurs and in micro-sized pores. Therefore, a theoretical 
model should be developed for the moisture transport inside the paper.  

The causes of paper curl in printing machines can be categorized into three groups, namely, 
the fuser nip curl caused by high temperature and pressure at the fusing nip, the path curl 
caused by severely curved path, and the contraction curl caused by the solidification of toner or 
ink. In this study, we focus on the fuser nip curl, which is the major type of curling. A multiphys-
ics model is developed, and the evolution of moisture and temperature inside the paper is cal-
culated to predict the paper curls that pass through the fuser nip. The obtained moisture con-
tent is linked with mechanical deformation to calculate the level of curling. The calculated curva-
ture of paper is compared with the experimental measurements. 

Ink or toner is spread over the paper sheet inside the fuser of copy machines or printers. The 
paper surface is exposed to high temperature using a heat roller (HR) for consolidating the ink 
or toner by drying the contained moisture. This sudden heat exposure causes the moisture to 
be transported throughout the thickness of the paper. The moisture transport results in a gradi-
ent of moisture content in the paper, leading to the swelling or shrinking of the its surfaces. 
Curls can be generated toward the hot surface or toward the cool surface, as shown in Figs. 
1(c) and (d).  
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Significant efforts have been exerted on the study of mois-
ture transport inside cellulose-based materials in the relevant 
engineering fields [5]. Paper has been modeled as an elasto-
plastic material to simulate cockling, curling, and fluting, and 
computational simulations have revealed that the moisture 
gradient is an important factor for the cockling phenomenon [8]. 
A theoretical model was developed to predict the distribution of 
moisture content throughout the thickness, and the deformation 
of papers and cardboards subjected to relative humidity 
change was studied [9]. A coupled numerical model was de-
veloped for the hydraulic fracture propagation in porous media 
using an extended finite element method [10]. A time marching 
technique was developed to analyze hyperbolic bioheat trans-
fer problems [11]. The diffusion-induced dimensional change 
called hydroexpansion was simulated in various studies by 
controlling the diffusion distance and diffusion coefficient [12]. A 
multiphase model was developed to study the moisture trans-
port and evaporation inside fibrous porous materials [6, 13]. A 
transient multiphysics mathematical model of coupled heat and 
moisture transfer through fibrous insulation was formulated, 
and the influencing factors on heat flux were identified [14]. A 
theoretical model for water vapor transport in cellulose-based 
materials was developed, and the water transmission rates 
were compared with the experimental measurements [15]. 
Theoretical models were introduced to describe the moisture 
diffusion in paper at different humidity [1-5]. Moisture transport 
models were proposed to understand the water diffusion in a 
stack of paper sheets under steady-state and transient condi-
tions [16, 17]. The mechanical forming properties of fabric were 
obtained through direct measurement and inverse modeling 
[18]. Macroscale and network models were utilized to explain 

the out-of-plane deformation [19].  
Although the coupling of moisture transport and temperature 

change has been addressed by few studies, it has rarely been 
used to analyze the coupling of moisture transport, tempera-
ture, and mechanical deformation. In terms of mechanics, the 
curled paper will flatten when the paper sheet is assumed to be 
an elastic material. The paper should be treated as a vis-
coplastic material to simulate permanent deformation. Simulat-
ing the residual deformation caused by the moisture transport 
inside the fibrous paper is difficult.  

In this study, we present a multiphysics simulation for the 
moisture transport inside the paper caused by temperature 
changes and mechanical deformation caused by moisture 
changes. All equations are numerically solved using the finite 
element method. Inspired by bimetal bending, the mechanical 
deflection is described using a two-spring model, thereby al-
lowing the effective calculation of paper curls, including the 
complex mechanical properties of elasticity, plasticity, and vis-
cosity of paper. In the simulation, the paper passes through a 
fuser nip between a hot roller and a cool roller and is then ex-
posed to the environment. To simulate this process, four equa-
tions, namely, the moisture transport in the pores, moisture 
transport in the fibers, temperature change in the paper, and 
mechanical deformation, are coupled in the calculation. Ex-
periments are conducted under varying temperatures of the 
rollers to verify the propose model. The simulations performed 
under similar conditions exhibit a similar trend in terms of the 
amount of curls. The convection effect is simulated to under-
stand the role of fan on the paper surface. 

 
2. Mathematical model for moisture, tem-

perature, and mechanical deformation  
2.1 Moisture transport 

The partial differential equations about moisture transport in-
side the paper have been derived in the previous work [1]. We 
summarize these equations in this section. Consider a repre-
sentative element volume inside the paper consisting of two 
domains of cellulose fibers “ f ” (blue) and pores “p” (white), as 
shown in Fig. 1(a). The time-dependent moisture concentration 
at each domain can be expressed as 
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where η, cf, cp, Df, Dp, and t represent the volume ratio of the 
pores [-], the moisture concentration in the fibers [kgm−3], the 
moisture concentration in the pores [kgm−3], the diffusivity of 
moisture in the fibers [m2s−1], the diffusivity of moisture in the 
pores [m2s−1], and time [s], respectively. S represents the ex-
change of moisture between the fibers and pores and can be 
described on the basis of a linear relation of the difference 
between the equilibrium and current concentrations: 

  
                 (a)                               (b) 
 

  
                  (c)                             (d) 
 
Fig. 1. Paper curls after printing: (a) Moisture transport inside the porous 
fabric network of paper; (b) example of paper curl after printing, and sche-
matic of paper curl; (c) toward the HR; (d) toward the pressure roller (PR). 
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( )= -eq
f fS k c c ,  (3)  

 
where k [s−1] and cf

eq [kgm−3] represent the mass transport 
coefficient and the moisture concentration in equilibrium, re-
spectively. cf

eq can be determined by measuring the moisture 
isotherm sorption and can be expressed as  

 
0
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where ρ [kgm−3] and H are the density of paper and relative 
humidity, respectively, and M0, C, and K are the Guggernheim-
Andersen-de Boer (GAB) parameters [20, 21]. The relative 
humidity can be expressed as H = cp /c*p, where c*p is the satu-
rated moisture content in air, which is a function of temperature.  

 
2.2 Heat transport 

Time-dependent temperature T [K] is described using the 
heat equation: 

 

( ) (1 )r l h
¶¶

= Ñ × Ñ + -
¶ ¶

fcTc T h
t t

,  (5)  

 
where c [Jkg−1K−1], λ [Jm−1K−1s−1], and h [Jkg−1] represent the 
specific heat of paper, the thermal conductivity of paper, and 
the heat of moisture sorption, respectively. The last term is 
associated with the heat generated by the adsorption/desorp-
tion of moisture.   

 
2.3 Mechanical deformation 

From a mechanical point of view, fibrous papers exhibit a 
viscoplastic behavior. Choosing a mathematical model that 
accurately describes the paper curl caused by the change in 
moisture content is difficult. In this study, the mechanical model 
is generated by summing the related terms of elasticity, plastic-
ity, viscosity, and moisture expansion. The plasticity is ex-
pressed using the Ramberg-Osgood model [22]:  
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where σ, ε, E, n, σy, and α represent the stress, strain, Young’s 
modulus, hardening constant, yield strength, and plastic con-
stant, respectively. To consider the effect of viscosity, a viscos-
ity term is added in the time derivative of Eq. (6): 
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where µ is the viscosity of paper. After the term for the expan-
sion caused by moisture is added, the loading and unloading 

cases are separately expressed as follows: 
 
Loading: 
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Unloading: 
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where αW represents the moisture expansion coefficient. The 
stress value when the unloading starts is denoted by σUL. αW 
typically depends on the paper direction because of the orien-
tation of fibers. The expansion coefficient in the cross direction 
is four times larger than that in the machine direction.  

The material properties should be measured with respect to 
temperature and moisture. In this study, the Young’s modulus 
and yield stress are modeled to be dependent on moisture and 
temperature. The dependencies of other material properties on 
the two factors are ignored in the present study. 

 
2.4 Curl calculation 

The finite element method is used to numerically solve the 
coupled equations. Although a 3D model can be used for the 
simulation using state-of-the art commercial software, many 
issues, including heavy computation time, mechanical model 
implementation, and multiscale contacts occur. We adopt the 
following approach to effectively estimate the amount of curls. 
The moisture transport is computed in the thickness direction, 
and the mechanical deformation is calculated in the in-plane 
direction. To calculate the amount of curling, two mechanical 
springs are placed at the top and bottom surfaces of the paper, 
as shown in Fig. 2. The calculated moisture contents in the 
fiber at the top and bottom surfaces are inserted in the me-
chanical model to calculate the expansion/shrinkage caused by 
the change in moisture contents. From the strain of the two 
springs, the paper curl is calculated using the following equa-
tions: 

 
(a)  

 

 
(b) 

 
Fig. 2. Two-spring model for the calculation of paper curl: (a) Viscoplastic 
spring model; (b) curl calculation. 
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1 q=l R ,  (10a)  

2 ( )q= + paperl R th ,  (10b)  
 

where l1, l2, R, thpaper, and θ represent the spring length at the 
bottom surface, spring length at the top surface, curl radius, 
paper thickness, and bending angle, respectively. Removing 
the bending angle from Eqs. (10a) and (10b) yields the paper 
curvature: 

 
2 1

1

1 ( ): -
=

paper

l lCurvature
R l th

.  (11)  

 
3. Numerical simulations  
3.1 Paper simulation model 

Eqs. (1)-(5), which are related to moisture and heat transport, 
are numerically solved using the COMSOL Multiphysics® soft-
ware. The moisture contents inside the paper sheet are stored 
at every time step, which is fixed at 0.005 s. The stored mois-
ture data are used as input for the MATLAB code to calculate 
the stress and strain of the paper sheet using Eqs. (8) and (9). 
Using the calculated strain at the top and bottom surfaces of 
the paper sheet, the curvature of paper curls is calculated us-
ing Eq. (11). The simulation takes approximately 5 min using a 
typical Windows computer. 

Fig. 3 show the schematic of a paper sheet passing through 
a fusing nip in a laser printer. Inside the fusing nip, the paper is 
pressed between the PR and HR, in which their temperature is 
more than 100 ˚C. The temperature of the PR is lower than that 
of the HR because a heater is only installed on one side of the 
HR.  

As previously mentioned, a 1D multiphysics model is used to 
calculate the moisture content in the pores and fibers of a pa-
per sheet along the thickness direction. The paper thickness is 
assumed to be 110 μm. Assuming that the diffusion through 
the fibers is relatively small compared with the diffusion through 
the pores, the diffusion terms in the fiber is ignored. 

The paper is assumed to be inside and outside the fuser nip 
at 0 < t < t1 and t1 < t < t2, respectively. Given that the moisture 
is assumed to transport only through the pores, the moisture 
fluxes of fiber cf at the top and bottom surfaces are set to zero. 
For the moisture concentration of pore cp, the fluxes are set to 
zero inside the fuser nip and nonzero outside the fuser nip, 
thereby allowing moisture exchanges with the environment. 
The boundary conditions for variables cp and cf are expressed 

as follows: 
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Upper surface (y = 110 µm): 
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Bottom and upper surfaces (y = 0 and 110 µm): 

0
¶

=
¶

fc
y

,  (13)  

 
where Km is the convective mass transfer coefficient on the 
paper surfaces, and cp

env is the moisture concentration in the 
environment.  

For the temperature, the top surface of the paper contacts 
with the HR, and the bottom surface contacts with the PR when 
the paper is inside the nip. The two surfaces are exposed to 
the environmental temperature when the paper is out of the nip. 
The boundary conditions for the temperature are expressed as 
follows: 
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Upper surface (y = 110 µm): 
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where Kh

roller and Kh
air denote the thermal conductance between 

the roller and the paper and the heat transfer coefficient be-
tween the air and the paper, respectively. Tpr, Thr, and Tenv de-
note the temperature of the PR, HR, and room, respectively.  

The mechanical boundary condition is represented in accor-
dance with time and location. When the paper is inside the 
fuser nip, no deformation is allowed because the paper is con-
strained by two rollers. Otherwise, the stress is relaxed, and 
deformation is allowed. The mechanical boundary conditions 
are set as follows: 

 
Bottom and upper surface (y = 0, y = 110 µm): 

1

1 2

=0 ( 0) for 0
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e s
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t t
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Although the paper can deform because of the roller shape 

inside the nip, the effect of pressure from the rollers is ignored 
in this study.  

The multiphysics simulation results strongly depend on the 
material parameters in the coupled equations and the bound-

  
 
Fig. 3. Diagram of paper moving through the fusing nip. 
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ary conditions. The material properties of papers are different 
because of the randomness of fibers. Determining the exact 
material properties of paper is an important research area. The 
material properties in Refs. [4, 23] are utilized for the properties 
of moisture transport equations and material properties in me-
chanical equations. The parameters used in the simulation are 
summarized in Tables 1 and 2, and these values are used 
unless stated.  

 
3.2 Curl simulation 1 

The temperatures of the HR and PR are set to 170 ˚C and 
100 ˚C, respectively. The environmental temperature is set to 
30 ˚C, and the relative humidity is set to 85 %. The paper is 
assumed to be in equilibrium before printing. The initial mois-
ture concentration in the fiber using Eq. (4) is 12.3 %. The GAB 
parameters are assumed to be constant, where M0 = 0.0329, K 
= 0.865, and C = 39.09 [13]. 

The moisture distributions in the pore and fiber are plotted in 
Figs. 4(a) and (b), respectively. The moisture in the fiber is 
equally distributed initially. However, the moisture in the fiber 
moves toward the center of the paper until t = 0.025 s because 

of the sudden exposure to a high temperature (i.e., 100 ˚C at 
the bottom surface and 170 ˚C at the top surface). Then, the 
moisture at the low-temperature side moves toward the high-
temperature side when the paper is inside the nip (i.e., until t = 
0.1 s). After the paper escapes the nip, the moisture in the fiber 
rapidly decreases because the moisture evaporates from the 
bottom and top sides. The moisture of the pore is uniformly 
distributed initially and gradually increases inside the nip be-
cause of the moisture evaporation from the fiber. After the pa-
per is out of the nip, the moisture decreases because it es-
capes from the two surfaces into the air. The temperature dis-
tributions are plotted in Fig. 4(c). The temperature rapidly ap-
proaches near the temperature of the HR and PR because of 
the ramped change in the temperature inside the nip.  

After the moisture distributions are calculated, the curl evolu-
tion of the paper is computed using the mechanical model, and 
the result is shown in Fig. 5. The red curve represents the cal-
culated result on the high-temperature side of the HR, and the 
blue curve represents the result on the low-temperature side of 
the PR. Fig. 5(a) shows the evolution of moisture content in the 
fiber at the top and bottom sides. Inside the nip (t = 0.1 s), the 
moisture in the fiber moves from the high-temperature side to 
the low-temperature side. After the paper is out of the nip, the 
moisture on two sides decrease because they escape into the 
air. Fig. 5(b) shows the stress evolution of the two surfaces. 

Table 1. Parameters used in the heat and moisture model [13]. 
 

η Porosity  0.47 
k Internal mass transfer coefficient (s−1) 3.5 
D Effective diffusivity of water vapor in pores (m2s−1) 3×10−6 
c Specific heat capacity of paper (Jkg−1K−1) 1200 
ρ Density of paper (kgm−3) 818 
ρf Density of fiber (kgm−3) 1500 
λ Thermal conductivity of paper (Wm−1K−1) 0.51 
h Adsorption enthalpy of water on fibers (Jkg−1) 2.5×106 

Km Convective mass transfer coefficient between paper 
and air (ms−1) 0.011 

Kh
roller Thermal convection between paper and metal  

(Wm−2K−1) 1180 

Kh
air Thermal convection between paper and air 

(Wm−2K−1) 11.48 

C GAB parameter 39.09 
M0 GAB parameter 0.0329 
K GAB parameter 0.865 

Tenv Environment temperature (K) 305 
cp

env Relative humidity 0.8 

 
Table 2. Parameters used in the mechanical model. 
 

E Young’s modulus (GPa) 2.5773 
n Parameter of Ramberg-Osgood model  4.5 
α Parameter of Ramberg-Osgood model  0.429 
σy Parameter of Ramberg-Osgood model (Pa) 25×106 
αW Moisture expansion coefficient 0.0015 
µ Viscosity (kgm−1s−1) 27248511  

 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 
Fig. 4. Moisture and temperature evolutions inside the paper sheet (paper 
thickness of 110 µm): (a) Moisture contents in the fiber; (b) moisture con-
tents in the pore; (c) temperature inside the paper. 
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The stress at the low-temperature side is compression be-
cause the expansion caused by the increase in moisture con-
tent is prevented by the rollers. Similarly, the high-temperature 
side is under tension because the shrinkage caused by the 
decrease in moisture content is prevented. After the nip (t > 0.1 
s), the stresses are released. Fig. 5(c) shows the strain evolu-
tion. The strain is zero when the paper is inside the nip be-
cause of the constrained conditions. After the nip, the two ends 
show a negative strain (compression) because the moisture 
escapes. However, the amount of contraction is different. The 
low-temperature side shrinks more than the high-temperature 
side because of the higher moisture content on the former than 
on the latter before the escape. Therefore, more moisture es-
cape from the low-temperature side than from the high-
temperature side. Thus, the paper is bent toward the low-
temperature side. The expected curl direction matches with the 
result n Fig. 1(b). The zoomed view of the strain variation when 
the paper is out of the nip is shown in the inset of Fig. 5(c). The 
strain curves cross each other, showing that the paper is im-
mediately curled toward the high-temperature side after it is out 
of the nip. This curl generated as the stress developed inside 
the nip is released, the high-temperature side in tension elon-
gates, and the low-temperature side in compression contracts 
when the constraints are removed. However, the curl toward 
the high-temperature side rapidly occurs, and the amount of 
curl is small. The evolution of paper curvature is shown in Fig. 
5(d). The negative values indicate the curls toward the high-
temperature side, and the positive values indicate the curls 
toward the low-temperature side. Inside the nip, no curl is gen-
erated because of the constrained conditions. The small curl 
toward the high-temperature side is generated for a short time 
when the paper is immediately out of the nip. Then, the curl 
toward the low-temperature side gradually increases, and its 
curvature converges to 23 m−1.  

The simulation results show that the printing paper curls to-
ward the low-temperature side. The curl will be generated to-
ward the high-temperature side when no constraints are ap-
plied inside the nip because the moisture transport is from the 
high-temperature side to the low-temperature side. The paper 
will then flatten when the moisture escapes from the surfaces. 
However, the paper does not immediately respond during 
moisture transport because of the constraints of the rollers. 
More moisture escape from the low-temperature side, leading 
to many contractions and curling toward the low-temperature 
side. Thus, the fuser nip curl depends on the difference in 
moisture content. Decreasing the temperature difference be-
tween the HR and PR will reduce the nip curl because the 
moisture transport is caused by temperature difference. 

 
3.3 Curl simulation 2 

For the second example, the simulation results and the 
measured curls in the experiments performed by HP printing 
company are compared at various temperatures. The printer 
used in the experiment is shown in Fig. 6(a). In the experi-
ments, the curl magnitudes are measured using the flat curl 
method shown in Fig. 6(b). The printed paper is placed on the 
floor, and the height of the corners of the curled paper is 
measured and averaged. The experiment is conducted at high 
temperature of 30 °C and high humidity of 85 %. The paper is 
placed for one day under the experimental condition to achieve 
its equilibrium state. All experiments and measurements are 
conducted in the chamber where the temperature and humidity 
can be controlled. The environmental condition significantly 
affects the amount of curls. The curls become severe with the 
increase in temperature and humidity. The simulations are 
performed under the same experimental condition. The curls of 

 
                   (a)                                (b) 
 

 
                     (c)                              (d) 
 
Fig. 5. (a) Evolution of moisture content at the high-temperature (HR) and 
low-temperature sides (PR); (b) stress evolution; (c) strain evolution (inset 
figure is a zoomed view around t = 0.1); (d) curvature evolution. 
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Fig. 6. (a) Printer used in the experiment (paper: Milk 75 g); (b) flat curl 
computing method; (c) flat curl values measured after 3 min under different 
operating conditions. 
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10 paper sheets are averaged. The curls are evaluated by 
measuring the height of the cured edge of the printed paper 
sheets after the paper is placed on the flat table (flat curl 
method). The calculated curls from the simulation can be dif-
ferent from the measured values because the curls measured 
using the flat curl method are affected by gravity. The experi-
ment results in Fig. 6(c) show that the curls significantly in-
crease with the increase in belt (HR) temperature. 

At the same belt temperature, the curl increases with the in-
crease in the temperature difference between the HR and PR.  

The paper curls are calculated using the developed simula-
tion code under the same temperature in the experiment. The 
calculated results are shown in Fig. 7. The calculated curls can 
be referred to as the hanging curls, which are unaffected by 
gravity. The overall tendency is extremely similar to that of the 
experimental result in Fig. 6(c). However, the quantitative com-
parison is limited because the material properties and the curl 
measuring method are different. The simulation and experi-
mental results indicate that the HR temperature and the tem-
perature difference between the HR and PR affect the paper 
curl because they influence the moisture difference between 
the top and the bottom surfaces of the paper.  

In the experiment, the curl at 200 °C of the HR and 243 °C of 
the PR is similar to the curl at 180 °C of the HR and 254 °C of 
the PR considering the gravity. However, this trend is not 
shown in the simulation results. This discrepancy is assumed 
to arise from the temperature/moisture-dependent material 
properties of real paper. The material properties of Young’s 
modulus, yield stress, viscosity, and power n in Eq. (7) may 
change in accordance with the temperature and moisture con-
tent, which are ignored in the simulations. The paper properties 
that depend on temperature and moisture will be studied in 
future work.  

 
3.4 Curl simulation 3 

In this experiment, the effect of a fan on paper curl is investi-
gated. The temperature and the moisture convection can be 
controlled by controlling the flow rate with the installation of a 
fan because the moisture evaporation through the surfaces is a 
key factor for the curl. The fan can be placed at the front side 
or the rear side. After passing between the two rollers, most of 
the moisture transported toward the low-temperature surface is 
evaporated, resulting in the inverse curl. Therefore, the curl 
may become significant by installing a fan at the rear side of 

the HR. However, the experiments in Fig. 8 show that the curl 
from the front fan becomes serious, showing an opposite ten-
dency. 

We introduce a scaling factor for the fan effect on the con-
vection coefficients of moisture and temperature to present the 
fan model. 
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Fig. 7. Calculated curls from the simulations (hanging curl values). 
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Fig. 8. Analysis of the effect of fan location: (a) The fan at the HR side; (b) 
the fan at the PR side. 

 

 
 
Fig. 9. Simulation results of the fan model: (a) Curl evolution without fan 
(curvature = 15.5427 m−1); (b) curl evolution with the fan at the HR side 
(curvature = 17.5605 m−1); (c) curl evolution with the fan at the PR side 
(curvature = 14.7802 m−1). 
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where ψ is the scaling factor. In the simulation, ψ is set to 0.4 
and convection coefficients Kair and Kh

air are set to 0.011 ms−1 
and 11.48 Wm−2K−1, respectively. We assume that the paper 
sheet passes under the blowing zone of the fan between 1 and 
2 s. The related coefficients are modified because the blow 
from the fan affects the convection of temperature and mois-
ture between the paper sheet and air. Therefore, the thermal 
and mass convection coefficients are increased by two times 
when the paper sheet is directly under the fan blowing zone 
and by 1.4 times after the paper sheet passes through the 
blowing zone. The paper sheet is assumed to be indirectly 
affected by the blown air at t = 2 s.  

Fig. 9 shows the simulation results of the fan model. The 
simulation shows that the curl toward the HR is generated 
because the fan is placed at the HR side, as expected in the 
beginning. However, the evaporation from the bottom surface 
increases the inverse curl, as shown in Fig. 9(b). 

With the fan at the PR side, the paper losing moisture 
caused by evaporation absorbs large amount of moisture from 
air after passing the fan. Therefore, the curl decreases.  

 
4. Conclusions  

In this study, we proposed a multiphysics model including the 
moisture transport, heat transfer, and mechanical deformation 
to predict the paper curl passing through the fuser nip in laser 
printers. The moisture exchange and transport in the fiber and 
pore matrices caused by the change in temperatures were 
considered in the integrated model. The contraction and exten-
sion of the paper sheet caused by moisture transport were 
described using a viscoplastic model. The curvature of the 
paper sheet was effectively calculated using a two-spring 
model. The proposed model provided an in-depth understand-
ing of the curling mechanisms. The temperature differences on 
the surfaces causes the moisture gradient along the thickness 
of the paper. Stresses are developed because of the con-
straints of the rollers inside the nip, and curls are generated 
toward the low-temperature side because of the escape of 
more moisture. The calculated curls at various temperatures 
agree well with the experimental measurements. The simula-
tion results show that the paper curls significantly increase with 
the increases in the temperature of the HR and the tempera-
ture difference between the HR and PR. The temperature- and 
moisture-dependent paper properties will be studied and quan-
titatively compared with the experimental measurements in 
future work. The multiphysics model will be expanded by in-
cluding the path curl occurring after the fuser nip, and the inte-
grated model will be used to calculate the entire curl generated 
during printing. The simulation results will provide useful data 
for the engineering design of printers. The proposed model can 
be used for other engineering problems related to moisture and 
temperature transport inside materials, such as moisture-
related deformation problems in airplane composites and build-
ing structures, and controlling the shape of micro/nano-
structures using moisture.  
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