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Abstract— This paper introduces a microrobotic platform
to manipulate and characterize individual paper fibers. Me-
chanical characterization of individual paper fibers determines
the key parameters which affect the quality of paper sheets.
Current laboratory tests are based on bulk paper fiber mea-
surements. This paper presents a microrobotic platform which
is able to characterize the flexibility of individual paper fibers
directly, not in bulk amount and using indirect estimations. The
flexibility of three different pulp samples is measured and the
experimental results are reported.

I. INTRODUCTION
The development of micro- and nanorobotics technologies

and systems and their demonstration in different application
sectors has been very active in the recent years [1]–[5].
Micro- and nanorobotics have provided significant added
value to the research of living cells such as oocytes and
embryos manipulated in liquid suspension [6]–[8], various
adherent eukaryotic cells which need a substrate to grow,
bacterial cells and even sub-cellular components and struc-
tures [9]–[15]. Other important application areas of micro-
and nanorobotic systems are microassembly [16], manipula-
tion of nanoparticles such as carbon nanotubes [17], [18]
and material characterization using nanoindentation meth-
ods [19], for example. Even though micro- and nanorobotics
have been extensively studied in many application areas, the
potential of micro- and nanorobotic technologies has been
very inadequately utilized in pulp and paper research.

Paper is a network structure composed of various wood
cells, mainly fibers and fines. Fibers are cells having typical
dimensions of 0.8 − 4.5 mm in length and 16 − 70 µm
in diameter depending on their type [20]. Understanding
the properties of papermaking fibers will contribute to the
understanding of the paper properties as well. For example,
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researchers and engineers are using mathematical models to
estimate the microscale properties of pulp and paper [21].

The mechanical properties and chemical composition of
papermaking fibers are normally determined by bulk (i.e.
average) parameters using sample portions of the fibers
under study [22]. The average bulk parameters, however, do
not provide a real possibility for predicting relevant fiber
properties and chemical composition. The interest in and
the necessity of getting new information and data on paper-
making fibers and fiber wall fine structures have increased
during the recent years. In addition to the new measure-
ment data, controlled mechanical treatment and chemical
functionalization of individual paper fibers (IPF)s could lead
to dramatic improvements in properties of fiber products.
The aforementioned controlled functionalization, treatment
and characterization of individual fibers can be studied only
by developing new tools. The methods available currently
in industrial and academic fiber research laboratories are
typically very laborious to use, require extensive manual
preparation and provide a very low yield.

Micro- and nanorobotic technology facilitates the de-
velopment of a novel research platform which will allow
the needed versatile fiber studies (e.g. paper fibers, hair,
wool, cotton and etc.) at a sufficiently high throughput at
an individual cell level in a single instrument. This paper
presents a basis for such a versatile microrobotic platform
and illustrates fiber flexibility measurement as an example of
the operations which will be performed with the platform.

Flexibility is one of the major factors which affects the
quality and mechanical properties of paper sheets. Consider-
ing the current methods to measure flexibility of individual
paper fibers such as measurement of wet fiber flexibility
by confocal laser scanning microscopy and single fiber
flexibility measurement in a flow cell based device [23]–
[25], they are measuring the flexibility of IPFs indirectly. The
most important advantage of the approach to be used in the
Paper Fiber Manipulation and Mechanical Characterization
Platform (PFM&MCP) proposed in this paper is the ability
to measure the flexibility of IPFs directly. Two microgrippers
are used to grasp an IPF and a known force is applied in the
middle of the beam. A both-ends-fixed boundary condition
of beam theory [26] is applied to measure the flexibility of an
IPF. One-end-fixed or cantilever boundary condition applied
for characterization of Carbon-Nanotubes [27] is not suitable
for characterization of IPFs due to the curly structure of paper
fibers.

Both softwood and hardwood paper fibers are used in the
experiments. The wood of angiosperms, flowering plants,
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is called hardwood and the wood of gymnosperms, seed-
bearing plants, is known as softwood [28]. This is a mis-
nomer as not all hardwoods are necessarily very hard, indeed
Ochroma is an example of a very soft hardwood [29].

The rest of the paper is organized as follows. Sec-
tion II encompasses the objectives of the study and Sec-
tion III explains the architecture of the proposed PFM&MCP.
Next, Section IV analyses the technical requirements of the
PFM&MCP. Section V elucidates the design and implemen-
tation and Section VI demonstrates the operation of fiber
flexibility measurement and the results. Finally, Section VII
provides conclusion and discussion on future works.

II. OBJECTIVES AND SCOPE OF THE STUDY

The objective of the study is to develop a new plat-
form to characterize the flexibility of IPFs using micro and
nanorobotics technologies. To provide sufficient amount of
data which leads to statistically reliable results, thousands of
IPFs should be tested. This platform is aimed for providing
an infra-structure to develop a versatile fully automated IPF
characterization system which makes this goal achievable.
The platform should provide

• means to manipulate and sort IPFs,
• means to measure the flexibility of the IPFs,
• means to prepare samples for other instruments,
• means for chemical treatment of IPFs, and
• an infra-structure for a fully automated PFM&MCP.

III. CONCEPTUAL DESIGN

The architecture of the PFM&MCP is illustrated in Fig. 1.
It includes six main functions: sample storage, micromanip-
ulation, force sensing, visualization, dispensing and control.
Fig. 1 shows these six functions and their interaction to each
other. Each function is divided to sub-functions which are
explained in this section in details.

Fig. 1: Main Functions.

A. Sample Storage (F1)

Sample storage (F1) consists of three sub-functions: sus-
pension storage, dry storage and frame fixture. To pick-up
and separate IPFs, it is necessary to disintegrate the dry pulp
and make the paper fibers float in the water. Fibers are dried
and stored in a paper fiber bank. The individual paper fiber
bank (IPF-bank) is a place to store the IPFs sorted based on
their type, length and treatment for example. The coordinates
of the sorted and stored IPFs and their properties are saved
for a later use. The platform also prepares samples for other
instruments, such as Atomic Force Microscope (AFM) or
Scanning Electron Microscope (SEM).

B. Micromanipulation (F2)

Micromanipulation function (F2) enables microposition-
ing, micro-orienting and microgripping of the IPFs. The
micropositioning sub-function is used for placing the area
of interest, an IPF-bank, a rotary table, a force sensor, in the
working space of microgrippers. Micro-orienting facilitates
the change of fiber orientation; and microgripping performs
the grasping and handling of IPFs. Micromanipulation is also
used for moving the dispenser and aligning the dispenser
tip on the required targets to shoot droplets for chemical
treatment.

C. Force Sensing (F3)

Force sensing function enables the flexibility measure-
ment. This function measures the magnitude of force, F ,
which is applied to the IPFs to bend them and uses informa-
tion from the other functions such as the length of IPFs, L,
from the visualization function (F4) in the control system,
to measure the flexibility of IPFs.

D. Visualization (F4)

Visualization function (F4) is composed of four sub-
functions: imaging, magnification, illumination and signal
analysis. Imaging sub-functions acquire visual information
to be used as visual feedback in the control function (F6).
Since IPFs with the dimensions alluded in Table I are to be
characterized in the platform, a sufficient magnification and
high quality illumination are essential. To accomplish pattern
recognition and image analysis as quickly as possible, an
independent signal analysis sub-function is required.

E. Dispensing (F5)

Dispensing (F5) encompasses two sub-functions,
preparatory-chemical treatment which is required in the
sample storage function (F1); and instant chemical treatment
which is useful when chemical treatment is needed before
the flexibility measurement test.

TABLE I: Paper Fiber Dimensions [20].

Length (mm) Diameter (µm)
Hardwood 0.8 - 1.6 16 - 25
Softwood 2 - 4.5 20 - 70
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F. Control (F6)

The most important sub-function of the control function
(F6) is the micromanipulation control which controls mi-
cropositioning, micro-orienting and microgripping devices.
Visualization control sub-function regulates zooming and
fine focusing. A user interface sub-function connects all the
control sub-functions to the human operator. Force feedback
sub-function supplies a sensible force feedback to the hu-
man operator. Dispensing control sub-function triggers the
dispenser and provides the required droplet size for chemical
treatment. The required calculations to measure the flexibility
of the IPFs are performed in the measurement algorithm sub-
function.

IV. TECHNICAL REQUIREMENTS

In this section, the survey and selection of devices used
to implement the micromanipulation, visualization and force
sensing functions in the platform are briefly explained.
The major technical requirements for micromanipulation,
visualization and force sensing functions stem from the IPF
dimensions and throughput objectives.

Whereas characterizing few IPFs is not sufficient to pro-
vide valuable statistical information about paper fibers, it is
necessary to perform these characterization tests automati-
cally. Based on wood scientists’ requirements, five thousand
tests per day, 24 hours, provides adequate amount of data
for statistical analysis. We reserve a 6 hours calibration
and maintenance break for a day; this leaves 13s for each
experiments. We have identified six tasks in a flexibility
measurement procedure, IPF recognition and coordinate
calculation, IPF orientation and pick-up, IPF length mea-
surement, IPF transport to force sensing place, chemical
treatment and force sensing and calculation; providing and
average of 2.16s for each task.

A. Micromanipulation

The micropositioning, micro-orienting and microgripping
sub-functions are implemented by using a two degrees-of-
freedom (DOF) micropositioner (MP), a rotary table and
two microgrippers mounted on XYZ-micropositioners, re-
spectively.

The technical requirements of the aforementioned sub-
functions are shown in Table II which are derived based
on the average time of each task, minimum and maximum
diameter of IPFs, accessibility of MP to all sections of
the platform, the required travel directions, the required
resolution and speed, and the accessibility of microgrippers
(MG)s to the rotary table, the IPF-bank and the force sensor.

TABLE II: Technical Requirements of Micromanipulation.

Resolution Direction Speed Travel
µ-positioning sub-µm XY 9.1 mm/s 4cm
µ-orienting1 10 µ◦ CW-CCW 30◦/s 90◦

µ-gripping2 sub-µm XYZ-Gripping 9.1 mm/s 2 cm

1) Diameter: Min.1 cm
2) Gripper Tip Opening: Min. 70µm, Max. 1 mm

B. Visualization

For the PFM&MCP applications, a high optical resolution
is necessary to achieve detailed images. Based on the IPF
dimensions, the required Field of View (FOV) is around
4.5 × 2 mm2. In another hand, a broad image of the test
bench and MGs is also needed which requires a larger FOV
such as 20 × 8 mm2. To have a proper image of the paper
fibers 3X magnification is required. To have the broad image
of the working space 0.25X magnification is required leading
to a magnification range of 0.25X − 3.00X . Since a wide
range of magnification is needed, a zooming tube microscope
is preferred to a constant magnification tube microscope. To
know the magnitude of the zoom to estimate the length of
paper fiber, a computer controlled motorized zooming system
is needed. Considering the size of XYZ-micropositioners,
the required working distance of the tube microscope is
minimum 5 cm. In flexibility measurement application where
only the length of the IPF is measured from the image, the
required spatial resolution for the camera is calculated to be
5.00 µm or better.

C. Force Sensing

This section explains the technical requirements of force
sensor needed for flexibility measurement of IPFs. To select
a suitable micro force sensor it is necessary to estimate the
amplitude of force to measure the flexibility of IPFs by using
simulation techniques. Since two MGs are used to grasp the
IPFs, the both end fixed boundary conditions of beam theory
are applicable in this case [26]. Since the applied force, F ,
is in the middle of the beam, the IPF, the simplified beam
equation is as follows:

y =
−FL3

192EI
(1)

where y, L, E and I are deflection, length, Young’s mod-
ulus and moment of inertia, respectively. Flexibility is the
compliance of an elastic body to deformation by an applied
force,

Flexibility =
1

EI
=

−192y

FL3
(2)

Regarding to the fact that cellulose is the main material in
a paper fiber cell wall, it is possible to use the Young’s
modulus of microcrystalline cellulose, 25± 4GPa [30], the
geometry of hardwood and softwood, Table I, and Equation 2
to simulate the required forces to bend an IPF. The simulation
shows that the maximum required forces for hardwood and
softwood are 206µN and 29µN , respectively. Table III
shows the flexibility values based on the Young’s modulus of
microcrystalline cellulose and IPF dimensions of Table I. In
this simulation, it is assumed that the maximum deflection,
y, is 2% of the length of the IPFs.

V. DESIGN AND IMPLEMENTATION OF THE PLATFORM

Considering the technical requirements of the visualization
function, a motorized zoom system providing 0.29X−3.50X
magnification and LED coaxial illumination are chosen
(Navitar Co.). The camera (XCD-U100 Sony) selected has
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TABLE III: Flexibility Values based on the Young’s modulus
of Microcrystalline Cellulose (E = 25 ± 4GPa) [30].
Assumption: Maximum Deflection is 2% of the Length of
the IPFs.

Bending Stiffness Flexibility
(Nm2)× 10−9 (N−1m−2)× 109

Softwood 29.710 0.337
Hardwood 12.796 7.815

a 1/1.8” CCD cell chip, a resolution of 1600 × 1200pixel
and a pixel size of 4.4µm.

After several design iterations, a ”Stacked Gantry Crane”
configuration, shown in Fig. 2, is used in the platform. It
provides several benefits, such as having the most compact
design without coordinate mapping and with fixed camera.
Table IV shows the components of PFM&MCP based on
numbering of Fig. 2. In this configuration, there is one
tailored 4DOF (1), and one 5DOF (2) micromanipulator from
SmarAct Co. In addition to the XYZ-positioners and the
MG, the 5DOF unit includes a positioner for a dispenser
(3). The platform includes also a XY-Table (5) of SmarAct
on top of which the following equipment are mounted:
force sensor (FT-S540 of Femtotools) (7), a micro-rotary
table (SR-1908 of SmarAct) (4), and the IPF-bank (6) to
perform the designed tasks. The IPF-bank is made of SU-8,
a common epoxy-based negative photoresist polymer used in
lithography, with the height of 200µm and placed on XY-
Table to store the sorted IPFs.

The functions for the flexibility measurement of IPF has
been implemented. Fig. 3 and 4 show the top and side view
of the current implementation of the platform, respectively.

VI. EXPERIMENTS AND RESULTS

Softwood, hardwood and treated softwood are used as raw
materials in the experiments. The first sample, Sample 1,
is bleached Pine kraft pulp which is softwood. The second
sample, Sample 2, is bleached hardwood pulp. A paper fiber

Fig. 2: 3D Design of PFM&MCP.

Fig. 3: Assembled PFM&MCP while Operation - Top View.

Fig. 4: Assembled PFM&MCP in Operation - Side View.

cell consists of four walls; middle lamella, ML, which is
usually destructed during pulping and bleaching operations
totally; primary wall, P; secondary wall consisting of S1,
S2 and S3 layers; and cell lumen which is void. As an
additional challenge, Sample 1 is treated such that the S2
and S3 layers and also residues of S1 layer remain in the
cell wall, providing us Sample 3. Fig. 5 shows the wood cell
wall structure.

A small bundle of paper fibers is taken from the pulp
sample. The bundle is placed in a Petri dish and it is
disintegrated by adding deionized water and shaking. Then
the IPFs are soaked for five minutes. Next, the IPFs are
placed on the rotary-table by using a pipette.

Fig. 6 illustrates the process of flexibility measurement
in the teleoperation mode. The IPFs are initially in the wet
state and they are placed on the rotary-table. The MGs are

TABLE IV: Components of PFM&MCP.

No. Component DOF Comments
1 Microgripper (1) 4 XYZ + Gripping
2 Microgripper (2) 5 XYZ + Gripping + Dispenser Po-

sitioning
3 Dispenser - Performing Chemical Treatment
4 Rotary Table 1 Rotation in XY-Plan
5 Micropositioner 2 XY-Table
6 IPF Bank - Storing and Sorting of IPFs
7 Force Sensor - Capacitive Microforce Sensor
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Fig. 5: Wood Cell Wall Structure. ML: Middle Lamella, P:
Primary Wall, S1-S3: Secondary Wall Layers [31].

used to pick up the selected IPF from the both ends, (1 &
2), and lift it synchronizedly. The MGs straighten the IPF
by pulling it in continuous 5µm steps until it reaches to
the slippage limit of the MGs, (3 & 4). The length, L, of
IPF is measured using the vision system. After picking up
the IPFs, the fibers are kept in 27± 2% humidity and 25±
1◦C for five minutes before starting the measurements. Then
the force sensor is pushed into the middle of the IPF by
using the XY-Table and to acquire the force F , (5 & 6).
The deflection, y, of the center point of IPF is read out from
the position sensor of the XY-Table. The IPF and the force
sensor probe are aligned in z-direction by using the depth
of the focus method. The force sensor signal is also used to
stop the test, if the applied force exceeds 100% of full scale.
By substituting the three measured parameters, L, F and
y, into Equation 2, it is possible to calculate the flexibility
of the IPF. Fig. 7 shows and demonstrates that there is no
slippage of the IPF in the measurement process within the
force sensor working range. Fig. 7 also illustrates the force
recorded based on 1µm increase in the deflection of an IPF;
meaning that the experiments are performed in the elastic
region of stress-strain curve. Table V summarizes the results
of the experiments by giving average values of ten measured
fibers and their standard deviations.

VII. CONCLUSIONS AND FUTURE WORK

A. Discussions and Conclusions

Table V shows that hardwood IPFs have a higher flexibility
compared to softwood IPFs. The hardwood/softwood flexi-
bility ratio based on simulation and experiments are 23.22
and 21.86, respectively; which indicates similar ratio of flexi-
bility values [See Table V and Table III]. The IPF model used

Fig. 6: PFM&MCP while Flexibility Measurement.

Fig. 7: Force - Displacement Graph.

in the simulation is a symmetrical tube but the real IPFs are
natural fibers which are asymmetric and they have structural
disorders. Furthermore, the simulation assumes that the paper
fiber cell wall is made of homogeneous cellulose; but it also
contains hemicellulose and lignin in addition to cellulose.
Therefore, the results based on simulation differ from the
average results based on experiments but they have similar
hardwood/softwood flexibility ratio.

Although the average flexibility values of treated softwood
fibers seems to differ from the normal softwood, the high
standard deviation prevents the flexibility comparison be-
tween the two samples.

The IPFs used in the aforementioned tests are pulp fibers
and not wood fibers. The pulping process damages the
IPF’s body seriously. It is difficult to distinguish and to
categorize the IPFs of pulp fibers. Wood fibers, however, are
screened manually based on their botanical properties, such
as latewood or earlywood, fibers or tracheids, etc. This issue
is one of the main sources of errors in these measurements.

A novel microrobotic platform for flexibility measurement
of individual paper fibers is developed and the method
is validated in the experiments. The experiments indicate
that the hardwood fibers have higher flexibility values than
softwood fibers.

B. Future Work

In the continuation of this project the following actions
can be taken.

TABLE V: Results

TEST Bending
Stiffness

Flexibility Eff. Length∗

(Nm2)× 10−9 (N−1m−2)× 109 (µm)

Softwood
(n=10)

0.12± 0.042 9.37± 0.042 1267± 267

Hardwood
(n=10)

0.0077±0.0044 204.83± 170.19 321± 75

Softwood
- S2S3
(n=10)

0.29± 0.24 7.63± 6.93 1366± 407

∗Eff. Length: Effective Length is the free length of IPF between two MGs.

5766



The aforementioned tests need to be repeated by using
wood fiber samples instead of pulp fiber samples.

A controlled humidity and temperature chamber will be
added to the platform, because the standard conditions for
testing the IPFs require 50%± 2 relative humidity and 20±
1◦C temperature.

The preliminary flexibility tests with softwood IPFs under
axial tension show improvements in the repeatability of the
results but the mathematical model which includes the effect
of the axial tension needs to be incorporated. It is necessary
to integrate an axial force sensor into the PFM&MCP, to
measure the actual flexibility of the IPFs under simultaneous
axial and transverse loading.

To collect statistically reliable information, it is necessary
to make aforementioned teleoperated process in Section VI
and Fig. 6 fully automated in the future to perform hundreds
of flexibility tests per hour. On the other hand, this platform
can be used not only for IPFs but also for other kinds of
fibers in microscale.
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