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ABSTRACT Collagen is a major structural protein in the human body. It not only provides connective
tissues such as ligaments and tendons with toughness and strength but it also constitutes the biomechanical
scaffold for cell attachment in the extracellular matrix. Collagen molecules aggregate to form collagen fibrils,
which are fibers with a diameter of 10 nm to 500 nm and a length of up to a centimeter. Tensile tests
on individual collagen fibrils reveal a strongly non-linear stress-response to deformation with the tensile
modulus reaching the gigapascal range. But not only that, collagen fibrils have been found to be viscoelastic
which means collagen fibrils have both elastic and viscous characteristics. However, direct measurement
of viscoelastic material properties in tension is only possible with force-controlled tensile tests, which can
not be conducted with state-of-the-art methods. In this paper, we report the first force-controlled tensile
tests of individual collagen fibrils. To account for the non-linear material characteristics, high responsiveness
in the force control and robustness about a property change of the collagen fibril are needed. Therefore,
a two-degrees-of-freedom (2-DOF) controller is applied for force control with high responsiveness. The
2-DOF controller is composed of feedforward (FF) and feedback (FB) controllers. In addition, a modeling
error compensation is implemented for robustness. The modeling error is calculated from the difference
between the actual force response measured by the sensor and the ideal force response calculated from the
plant model. The validity of the proposed control method is confirmed from simulation and experimental
results.

INDEX TERMS Force control, motion control, piezoelectric actuator, precision engineering, biomechanics.

I. INTRODUCTION
Precise motion control technology has been widely used in the
industry, medical, and biological fields. As examples of the
industry field, there have been various mechatronics products
such as storage devices [1], [2], industrial machines [3], [4],
and microscopes [5], [6]. In addition, nanomanipulation has
been developed by applying microscope technology. Micro-
scopes such as the scanning probe microscope (SPM) [7][8]
and atomic force microscope (AFM) [9], [10] perform
high-precision measurements by bringing the probe into

contact with the sample surface. By diverting this technology,
nanomanipulation is realized.

For nanomanipulation, piezoelectric actuators have been
widely used. Seki et al. presented the robust vibration sup-
pression method by using the dual controller design in the
piezo-actuated stage system [11]. Nguyen et al. combined
the conventional feedback and adaptive feedforward meth-
ods for the precise piezo-actuated positioning systems [12].
Chen et al. developed the dynamic hysteresis model of
the piezoelectric actuator and compensated the nonlinear
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characteristics [13]. Researches on nanomanipulation using
piezo actuators have also been reported. Shen et al. developed
the method for single cell stiffness measurement based on
a nano-needle and nanomanipulation [14]. Yang et al. re-
ported the pile-up structure based nanopositioning mechanism
driven by the piezoelectric actuator [15]. Mekid developed the
integrated and numerically controlled instrument for nanoma-
nipulation, imaging, and in-process inspection [16]. Yuan
et al. developed the AFM tip position control for effective
nanomanipulation [17].

To our best knowledge, this work aims to realize the first
force-controlled tensile tests of individual collagen fibrils and
other nano- and microfibers. This enables direct measurement
of viscoelastic material properties, which is not possible with
state-of-the-art methods. Collagen is the most abundant pro-
tein in human bodies and one of the few proteins that bears
tensile load. It provides a majority of tissues with their me-
chanical properties, from tendons, ligaments, and bones to
artery walls and the cornea of an eye [18]. At the nanoscale,
collagen molecules aggregate to form collagen fibrils, which
are nanoscale fibers with diameters in the range between 10
nm and 500 nm. The length of collagen fibrils can reach
up to a centimeter. Collagen fibrils can easily be recognized
by their periodically structured surface, commonly known
as D-banding, as observed by AFM imaging or electron
microscopy [18], [19]. Besides providing tissues passive me-
chanical function, collagen fibrils are the main constituent of
the extra-cellular matrix (ECM). Collagens, therefore, play
a crucial role in cell mechanotransduction [20]. There is
increasing evidence, that ECM viscoelasticity is a major de-
terminant of cell differentiation and proliferation. However,
viscoelastic material parameters of individual collagen fibrils
are currently unknown. In the course of diseases, such as
diabetes and fibrosis, or during normal aging the mechanical
properties of collagen fibril may change and negatively in-
fluence mechanotransduction and mechanobiology [21]–[23].
Currently, there is no method described in the literature that
allows for true force-controlled tensile tests of collagen fibrils.
Despite this, significant effort has been done in conducting
monotonic but not well controlled tensile tests of single colla-
gen fibrils. For this, AFM and a number of custom instruments
have been employed thus far [24]–[28]. From these, it is
known that collagen fibrils reveal a strongly non-linear stress-
response to deformation with the tensile modulus reaching the
gigapascal range.

This paper focuses on the control method for the nanome-
chanical tensile test of the collagen fibril. Most of the
conventional nanomanipulation methods have dealt with rigid
objects such as metal. On the other hand, the collagen
fibril is fragile. Therefore, it is necessary to implement pre-
cise force control for this tensile test. However, collagen
fibrils typically have a non-linear stress response to defor-
mation, which is causing a modeling error. For precise force
control, high responsiveness in the force control and ro-
bustness about property change of the collagen fibril are
needed.

For high responsiveness in the nanoscale positioning sys-
tem, a two-degrees-of-freedom (2-DOF) controller has been
widely used [29]–[31]. The 2-DOF control is composed of
feedforward (FF) and feedback (FB) controllers. FF con-
troller contributes to the rapid motion for this tensile test,
and FB controller is used for the disturbance compensation.
For robustness about property change, several types of robust
control methods have been reported [32]–[34]. The distur-
bance observer (DOB) is one of the practical and useful
methods [33]. In addition, several extended control methods
based on DOB have been reported [35]–[37]. In the tensile
test, the parameters of the object change, which causes the
non-linear material characteristics. This paper also proposes
the modeling error compensator (MEC) based on DOB for
the parameter change of the load-side in the nanoscale.

This paper proposes the 2-DOF control system with the
MEC. To achieve high responsiveness and flexible motion due
to the non-linearity of the collagen fibril, the 2-DOF con-
troller is applied to the nanoscale force control. In addition,
the MEC is implemented for robustness. The modeling error
compensation is calculated from the difference between the
actual force response measured by the sensor and the ideal
force response calculated from the plant model. By using the
proposed method, the nanomechanical tensile test of the colla-
gen fibril was conducted. The validity of the proposed control
method was confirmed from the simulation and experimental
results.

The contributions of this study are summarized as follows:
1) We report the first force-controlled tensile tests of indi-

vidual collagen fibrils. This will enable direct measure-
ment of viscoelastic material properties of individual
collagen fibrils after future development steps.

2) To account for non-linear material characteristics, the
2-DOF controller with the MEC is proposed. The pro-
posed method is treated as the nanoscale force controller
with high responsiveness and robustness.

3) For the confirmation of the above-mentioned contribu-
tions, the experimental system is modeled. The validity
of the proposed system is experimentally confirmed.

The rest of the paper is organized as follows. Section II
explains the nanomechanical system for the tensile test. Sec-
tion III proposes the 2-DOF controller with the MEC. In
addition, the influence of the modeling error is analyzed. Sec-
tion IV and V show the simulation and experimental results
to confirm the validity of the proposed method. Section VI
concludes this research.

II. NANOMECHANICAL SYSTEM FOR TENSILE TEST
This section shows the nanomechanical system for the tensile
test of the collagen fibril. Fig. 1 shows the nanomechanical
system in this research. This nanomechanical system consists
of a cantilever with the force sensor, the piezoelectric actuator,
and the microscope.

Fig. 2 shows the concept of the tensile test of the collagen
fibril. One end of the collagen fibril is placed at the top of
the cantilever. The other end of the collagen fibril is fixed
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FIGURE 1. Nanomechanical system.

FIGURE 2. Concept of tensile test.

to the water bottom with epoxy. The cantilever is integrated
with the piezoelectric actuator through the jig. By moving the
piezoelectric actuator upward, the tensile test of the collagen
fibril is conducted.

Fig. 3 shows the modeling of the tensile test by the nanome-
chanical system. In Fig. 3, subscripts ©p, ©c, and © f mean
values related to the piezoelectric actuator, cantilever, and
collagen fibril, respectively. x and f represent position and
force information. The movement of the piezoelectric actuator
is distributed to movements of the cantilever and the collagen
fibril.

xp = xc + x f (1)

The pulling force of the tensile test is calculated from the
spring coefficient, and the bending of the cantilever.

fc = Kcxc (2)

where Kc is the spring coefficient of the cantilever. In the
experiment, fc is measured by the force sensor. The equation
of motion of the collagen fibril is expressed as follows.

M f ẍ f + D f ẋ f + Kf x f = fc (3)

FIGURE 3. Modeling of nanomechanical system.

where M f , D f , and Kf represent the mass, damper, spring co-
efficients of the collagen fibril. Since these values are changed
during the tensile test, it is hard to conduct the precise tensile
test at the constant force.

To pull the collagen fibril, this paper uses the piezoelectric
actuator (P-601, Physik Instrument GmbH & Co. KG.). This
piezoelectric actuator has a strain gauge position sensor, and
it is possible to implement the closed loop control by using
its sensor. From the specification, the linearity error (closed
loop) is 0.1 %. Therefore, since the linearity error is small,
this piezoelectric actuator is modeled as the linear system.

Fig. 4 shows the Bode plot of this piezoelectric actuator.
The input and output of the Bode plot were the input voltage
and position response measured by the strain gauge position
sensor. Since the linearity error of this piezoelectric actua-
tor is small, there is a linear relationship between the input
voltage and the position command. The solid blue line in
Fig. 4 shows the frequency response of the sensor voltage. The
characteristic is measured using a dynamic signal analyzer
(3562 A, Agilent Technologies, Inc.). The dashed red line
in Fig. 4 shows the fitting model of the frequency response.
Control performances of piezoelectric actuators are typically
restricted by system dynamics at low frequencies. Therefore,
high-frequency dynamics are not modeled for this first force-
controlled tensile test. This enables to keep the order of the
model and the designed controller low for control implemen-
tation. This model is used for the simulation to confirm the
validity of the proposed method.

III. PROPOSED METHOD
This section proposes the control method for the realization
of the tensile test of the collagen fibril. Fig. 5 shows the
block diagram of the proposed method. The force command
generator creates the force command f cmd

c for the tensile test.
The proposed control method consists of the 2-DOF con-
troller and the MEC. The 2-DOF controller is composed of
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FIGURE 4. Bode plot of piezoelectric actuator.

FF and FB controllers. The modeling error is estimated from
the difference between the actual force response measured by
the sensor and the ideal force response calculated from the
plant model. For the compensation of the modeling error, the
estimation value of the modeling error is added to FF input
in real-time. By using the proposed control method, the posi-
tion command of the piezoelectric actuator xcmd

p is calculated.
The plant in this system is composed of the piezoelectric
actuator, cantilever, and collagen fibril. By the closed loop,
the piezoelectric actuator achieves the position command of
the piezoelectric actuator xcmd

p . Due to the movement of the
piezoelectric actuator, the cantilever pulls the collagen fibril
with f res

c as shown in Fig. 2. The position relationship of xres
p ,

xres
c , and xres

f is expressed as (1). As a result, the tensile test of
the collagen fibril is conducted.

The position command of the piezoelectric actuator xcmd
p is

expressed as follows.

xcmd
p = xFF

p + xFB
p (4)

where xFF
p and xFB

p mean the FF and FB position commands
of the piezoelectric actuator.

The FF position command is calculated from the force com-
mand of cantilever f cmd

c , the modeling error compensation
f cmp
c , and the inverse models of the cantilever and collagen

fibril.

xFF
p =

(
Gnom

c
−1 + Gnom

f

)
( f cmd

c + f cmp
c ) (5)

where Gc and G f represent the model of the cantilever and
collagen fibril (Gc = Kc, and G f = 1

M f s2+D f s+Kf
). The super-

script ©nom means the value of the nominal model.
In this paper, these nominal models are designed as follows;

Gnom
c = Knom

c (6)

Gnom
f = 1

Mnom
f s2 + Dnom

f s + Knom
f

(7)

where Knom
c and s depict the nominal spring coefficient of

the cantilever and Laplace operator. Mnom
f , Dnom

f , and Knom
f

represent the nominal mass, damper, and spring coefficients
of the collagen fibril. Knom

c is decided from the cantilever
specification.

During the tensile test of collagen fibril, the parameters
of the collagen fibril and cantilever are changed in real-
time. Due to the change of these parameters, the strongly
non-linear stress-response to deformation is revealed. By this
phenomenon, the modeling error between the actual plant
and the nominal model occurs. In order to compensate for
this modeling error, the modeling error compensation f cmp

c

is calculated.

f cmp
c = f̂ res

c − f res
c (8)

f̂ res
c = Gnom

c

1 + Gnom
c Gnom

f

xres
p (9)

where f̂ res
c and xres

p mean the force estimation value of the
cantilever and position response of the piezoelectric actuator.
©̂ means the estimated value. f̂ res

c is calculated from the
nominal model of the cantilever and collagen fibril.

The FB position command is generated by the difference
between the force command and response of the cantilever.

xFB
p = CFB( f cmd

c − f res
c ) (10)

where CFB and f res
c mean the feedback controller and the

force response of the cantilever. In this paper, PI control is
used as the feedback controller (CFB = Kp + Ki

s ). Kp and Ki

are the feedback proportional and integral gains. The force
response f res

c is measured by the force sensor.
The performance analysis of the modeling error is shown.

Fig. 6 shows the block diagram for the performance analysis.
For this analysis, the transfer function from f cmd

c to f res
c is

calculated. This paper compares the feedback controller and
the 2-DOF controller with/without the MEC.

Fig. 6(a) shows the block diagram of the feedback con-
troller. From Fig. 6(a), the transfer function is calculated.

f res
c = Gc f GpCFB

1 + Gc f GpCFB
f cmd
c (11)

where Gc f is the transfer function combining Gc and G f

(Gc f = Gc
1+GcG f

). If it is possible to set high gain in CFB, (11)

is rewritten as follows (Gc f GpCFB � 1).

f res
c = Gc f GpCFB

1 + Gc f GpCFB
f cmd
c (12)
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FIGURE 5. Block diagram of proposed method.

FIGURE 6. Block diagram for performance analysis. (a) Feedback
controller (b) 2-DOF controller (c) 2-DOF controller with MEC.

≈ f cmd
c (13)

However, there is the limitation to setting high gain. There-
fore, (13) may not be achieved in most actual cases.

Fig. 6(b) shows the block diagram of the 2-DOF controller
without the MEC. From Fig. 6(b), the transfer function is
calculated.

f res
c =

Gc f GpGnom
c f

−1 + Gc f GpCFB

1 + Gc f GpCFB
f cmd
c (14)

For the pulling test, the piezoelectric actuator worked at low
frequencies due to the dynamics of the collagen fibril. As
shown in Fig. 4, Gp is assumed as 1 at low frequencies

(Gp ≈ 1). From this assumption, (14) is rewritten as follows.

f res
c ≈

Gc f Gnom
c f

−1 + Gc f CFB

1 + Gc f CFB
f cmd
c (15)

In (15), Gnom
c f is not the same as Gc f , because of the model-

ing error (Gnom
c f �= Gc f ). Therefore, the force response of the

cantilever is not equal to the force command of the cantilever.
Fig. 6(c) shows the block diagram of the 2-DOF controller

with the MEC as the proposed method. The transfer function
is described as follows.

f res
c =

Gc f GpGnom
c f

−1 + Gc f GpCFB

(1 − Gp) + Gc f GpGnom
c f

−1 + Gc f GpCFB
f cmd
c (16)

If Gp ≈ 1, (16) is rewritten as follows.

f res
c ≈

Gc f Gnom
c f

−1 + Gc f CFB

Gc f Gnom
c f

−1 + Gc f CFB
f cmd
c (17)

= f cmd
c (18)

As shown in (18), the influence of the modeling error to the
force response of the cantilever is compensated. As a result,
the force command is achieved by the proposed method.

IV. SIMULATION
This section confirms the validity of the proposed method
by comparing the proposed and conventional methods in the
simulation. For the comparison between the conventional and
proposed methods, the FB controller (FB only), the 2-DOF
controller (2-DoF w/o MEC), and the 2-DOF controller with
the MEC (2-DoF w/ MEC) are implemented. Two types of
simulations were conducted.

Case 1: There was no modeling error of the nominal model.
Case 2: There was 20 [%] modeling error of the nominal

model.
Table 1 shows the parameters of the tensile test. The

value of the spring coefficient of the cantilever was
set by the specification of the cantilever. The parameters re-
lated to the collagen fibril were designed based on the initial
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TABLE 1. Parameters of Tensile Test

FIGURE 7. Simulation results (Case 1).

state of the actual collagen fibril. The parameters for the FB
controller were decided by trial and error. During the ten-
sile test, the parameters of the collagen fibril were changed
due to the cantilever force. This parameter change was sim-
ulated as the collagen fibril extension. In the simulation, the
collagen fibril extension xext

f was modeled as follows.

xext
f = Ke

∫
f res
c dt (19)

where Ke means the extension coefficient. This extension was
assumed as the plastic deformation. The collagen fibril exten-
sion xext

f was added to xres
f . A step input of 0.5 [µN] was given

as the force command f cmd
c at 2.0 [s].

Figs. 7–8 show the simulation results in Case 1 and Case
2. Figs. 7–8(a) and Figs. 7–8(b) show the position response
and force response. Blue, green and black lines represent
responses related to the FB only, the 2-DOF w/o MEC, and
the 2-DOF w/ MEC. Red line in Figs. 7–8(b) represents the
force command. The vibration of the force response is due
to the observation noise simulating the accuracy of the force
sensor.

FIGURE 8. Simulation results (Case 2).

In Case 1, there is no modeling error of the nominal model.
As shown in Fig. 7(a), the collagen fibril was extended during
the tensile test. This extension value was based on the force
response of the cantilever. In Fig. 7(b), the force responses
followed the force command. In the FB only as the conven-
tional method, there was the delay of the force response to
force command at 2.0 [s] In both the 2-DOF w/o MEC, and
the 2-DOF w/ MEC, the quick responses were achieved at
around 2.0 [s]. Therefore, the FF controller contributed to
responsiveness, if there is no modeling error.

In Case 2, there was 20 [%] modeling error of the nominal
model. As shown in Fig. 8(b), there was the overshoot in the
2-DOF w/o MEC as the conventional method. The reason for
this overshoot was the modeling error of the FF controller. In
the 2-DOF w/ MEC as the proposed method, this modeling
error was compensated by the MEC. Therefore, even if there
is the modeling error of the nominal model, the quick response
was achieved.

From these simulation results, the validity of the proposed
method was confirmed.

V. EXPERIMENT
This section shows the experimental results to confirm the
validity of the proposed method. Fig. 1 shows the nanome-
chanical system in this experiment. This nanomechanical
system consists of the cantilever with the force sensor, the
piezoelectric actuator, and the microscope. Fig. 9 shows the
relationship between the cantilever and the collagen fibril.
Fig. 9(a) and (b) show the microscope image and the sketch.
For pulling experiments, the collagen fibril by attaching a
magnetic bead was prepared. The microgripper was attached
to the top of the cantilever. The optical fiber was installed
on the cantilever to measure the pulling force (Optics11,
Netherlands). By using the magnetic force, the magnetic bead
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FIGURE 9. Relationship between cantilever and collagen fibril.

was brought to the tip of the microgripper. As shown in Fig. 9,
the magnetic bead was pulled by the microgripper attached to
the cantilever. The collagen fibril was sourced from the tail
tendon of a mouse aged 14 months. The process of isolating
individual collagen fibrils from a tendon is described in detail
in [38].

The parameters in the experiments were the same as those
in the simulation. The parameters of the nominal model in
the proposed controller were designed based on the initial
state of the collagen fibril. The length of the collagen fibril
has an individual difference. Therefore, the initial position
(initial input voltage) in each experiment is different. For fair
compensation, the steady state with a tensile force of 0.5 [µN]
is defined as the initial state in this experiment. A step input
of 0.5 [µN] from the initial force value 0.5 [µN] was given as
the force command f cmd

c at 2.0[s]. To our best knowledge, this
is the first force-controlled tensile test of the collagen fibril.
Therefore, the step input was implemented to evaluate the
control performance of the force-controlled tensile test. The
experimental tendencies for step responses with several am-
plitudes were almost the same. Therefore, this paper shows the
experimental results of the step response with one amplitude.
To confirm the validity of the proposed method, three types
of controllers were implemented; the FB controller (FB only),
the 2-DOF controller without the MEC (2-DoF w/o MEC),
and the 2-DOF controller with the MEC (2-DoF w/ MEC).

Fig. 10 shows experimental results. Fig. 10(a), (b) and (c)
show the position response, force response and strain. As
shown in Fig. 10(a), the collagen fibril was extended due
to the pulling force. In Fig. 10(b), force responses with the
FB only, 2-DoF w/o MEC, and 2-DoF w/ MEC followed the
force command. At 2.0 [s], the step input was given. After
the step input, there was the force error between the force
command and force response with the FB only. From this fact,
responsiveness in the 2-DoF was better than the one in the FB
only. Due to the modeling error, the force overshoot in the
2-DoF w/o MEC was larger than one in the 2-DoF w/ MEC.
Though there was the overshoot at the moment of adding
step input, the force response in the 2-DoF w/ MEC rapidly
followed the force command. Table 2 shows the force error
between the force command and the force response in the
transient state and steady state. Table 3 shows the overshoot
and the settling time to evaluate the transient state. As shown

FIGURE 10. Experimental results.

TABLE 2. Force Error (Experimental Results)

in Table 2, the average and variance of the force error in the
2-DoF w/ MEC were smaller than those in the conventional
methods. As shown in Table 3, though there was overshoot
in the 2-DoF w/o MEC and the 2-DoF w/ MEC, the settling
time in the 2-DoF w/ MEC was smaller than those in the
conventional methods.

The collagen fibril strain can be calculated by measuring
the length before tensile testing with the optical microscope.
The deformation of the collagen fibril corresponds to the
piezo actuator position corrected with the cantilever deflec-
tion. Consequently, the deformation can be normalized with
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TABLE 3. Overshoot and Settling time(Experimental Results)

the initial collagen fibril length. The relative collagen fibril
strain in response to the force step is plotted versus time in
Fig. 10(c). The force overshoot of the model-based controller
only contributes in part to an overshoot in strain mainly due
to the viscoelastic nature of collagen fibrils. The apparent
stiffness of viscoelastic collagen fibrils is increasing with de-
formation velocity due to a dashpot contributing to the overall
stiffness [39]. Since the model-based controller has a sharper
rising edge in both, force and strain signal caused by faster de-
formation velocity, the apparent stiffness of the collagen fibril
yields a less pronounced overshoot in strain. The model-based
controller with its faster settling and rise time resembles more
closely an idealized step-input that is desired in a creep test of
collagen fibrils. Qualitatively, the creep behavior, e.g. strain
over time, is similar with both types of controllers while the
model-based controller enters a steady-state behavior faster
and at higher strains (0.2 %) than the FB only. The choice
of controller is a trade-off between overshoot and respon-
siveness, while the overshoot in collagen fibril strain is not
considered as severe when performing a creep experiment.
Moreover, the model-based controller is desired when con-
ducting such experiments for the previously discussed reason
of more similarity to a force step input compared to the FB
only.

From these experimental results, the validity of the pro-
posed method was confirmed from the experimental results.

VI. CONCLUSION
In this paper, we reported the first force-controlled tensile tests
of individual collagen fibrils. We proposed a 2-DOF control
system with the MEC for force-controlled tensile tests of in-
dividual collagen fibrils. Due to the non-linear stress-response
to deformation, the modeling error is caused. Therefore, it
is necessary to implement precise force control with high
responsiveness and robustness. For high responsiveness, the
2-DOF controller was applied to nanoscale force control.
For robustness, the modeling error compensation was im-
plemented. Therefore, the proposed method is treated as the
nanoscale force controller with high responsiveness and ro-
bustness. By using the proposed method, the precise pulling
motion for the collagen fibril was achieved. The validity of the
proposed control method was confirmed from the simulation
and experimental results.

The future works of this research are described as follows:
1) With the presented work, the creep behavior of collagen

fibrils can be measured. This will allow for studying the
effects of diseases and aging on connective tissues. In a
future development step, a sinusoidal force will be used
to conduct dynamic mechanical analysis on individual

collagen fibrils. Other fibers at the micro and nanoscale
such as electrospun polymer fibers will be investigated
as well.

2) For further performance improvement, the control
method will be improved to suppress the overshoot.
In addition, the stability and sensitivity characteristics
are also important. We will analyze the stability and
sensitivity characteristics.

3) From the viewpoint of biomechanics, the specification
of the force-controlled tensile tests will be clarified.
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