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Abstract— Dispensing sessile droplets accurately on the top of the
needle tip is important for applications such as fiber threading. In
this paper, we propose an accurate online gel dispensing method to
accurately dispense sessile droplets on top of the dispenser tip for
highly repeatable fiber threading. We design a robotic gel
dispenser based on positive-displacement piston dispensing that
can accurately dispense sessile gel droplets of desired volume using
visual servoing and adaptive model predictive control. An online
gel volume estimation algorithm based on image processing is
constructed to provide the estimation of the volume of the extruded
gel droplet to the controller. To compensate for the nonlinear and
time-varying process properties, the Adaptive Model Predictive
Controller (MPC) adjusts its prediction model at runtime while
satisfying a set of constraints. We employ the fiber threading
technique based on impedance control with force tracking we
developed recently to carry out the fiber threading experiments.
To examine the benefits of the accurately dispensed droplet,
multiple fibers threading experiments are conducted, where the
repeatability of the fibers fabricated using the proposed methods
are compared with two other methods: a) conventionally velocity
regulation-based fiber fabrication, where the pulling force profile
is not controlled, and b) fiber threading using impedance control
with force tracking using a commercial time-pressure dispenser.
The experimental results show that fibers fabricated using the
proposed method have the highest repeatability based on the
coefficient of variation of properties of the fabricated fibers, where
the obtained coefficient of variation of the toughness, stiffness,
elongation, and strength are 6.7%, 3.7%, 3.4%, 5.6% respectively.

Index Terms— micromanipulation, artificial fiber threading,
bio-mimicking, visual servoing.

I. INTRODUCTION

Various functional 3D objects require materials with fiber-
like morphology, which can offer enhanced mechanical and
physical properties. For example, hydrogel microfiber
structures have been used to recapitulate the architecture and
functionality of biological tissues at the microscale [1], [2].
Fibers have also been used fabricate actuators and sensors with
at macro- and microrobotics [3]-[6].

A variety of techniques have been employed, e.g., wet-
spinning [7], dry-spinning [8], electrospinning [9], microfluidic
spinning [10], and direct writing [11]. So far, the strength and
toughness of the produced artificial fibers can reach only about
one-fifth of that of natural fibers such as spider silk fiber [12].
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One of the reasons is that the fabrication process is either
manual or based on open-loop regulation, e.g., velocity or
position regulation. Many natural species, on the other hand,
such as spiders [13] and silkworms [14] can conduct
sophisticated pultrusion that can tune the mechanical properties
of the fibers during threading by changing the pulling forces.
This allows the gel protein (dope) to be continuously converted
into fibers with exceptional mechanical properties [12].

To replicate the pultrusion mechanism, it was introduced in
work [15] [16] a robotic gel fiber threading method based on
impedance control with force tracking. The robotic threading
method produced fibers with better mechanical properties
compared with fibers fabricated using traditional open-loop
velocity regulation. However, the initial volume of the gel
droplet was not well controlled, impairing the repeatability of
the mechanical properties of the fabricated fiber.

On the other hand, the problem of volume precision has been
tackled in other liquid dispensing applications using many
dispensing methods, e.g., piston dispensers [17], time-pressure
dispensers [18], jet dispensers [19], and screw dispensers [20].
Different modeling and control approaches have also been
investigated. For example, offline control schemes have been
proposed, where the control action is based on the Bang-Bang
controller [21] or incremental compensator [22]. Online control
methods have also been proposed, commonly achieved using
feedback control based on a proportional (P) or proportional-
integral (PI) controller, where volume estimation is achieved
based on modeling[23]-[25], or computer vision [26]. However,
in these works, the droplets are first formed as a pendant and
then placed on a target surface. There is no literature reporting
dispensing a sessile droplet where the drop remains attached to
the dispenser needle tip during threading [16] [15].

It is very challenging to dispense such a sessile droplet with
precise volume since the non-Newtonian and time-varying
properties of the fluid during dispensing makes the relationship
between the piston displacement and volume non-linear.
Additionally, overflowing could be catastrophic where the
dispensing process cannot be recovered without cleaning the
dispensing needle and workspace.

In this paper, we propose an accurate online gel dispensing
method to dispense sessile droplets on the top of the dispenser
tip for highly repeatable fiber threading. We design a robotic gel



dispenser based on positive-displacement piston dispensing that
can accurately dispense sessile gel droplets of desired volume
using visual servoing and adaptive model predictive control. An
online gel volume estimation algorithm based on image
processing is constructed to provide the estimation of the volume
of the extruded gel droplet to the controller. To compensate for
the nonlinear and time-varying process properties, an adaptive
MPC adjusts its prediction model at runtime while satisfying a
set of constraints. Fiber threading technique based on impedance
control with force tracking developed recently [15], has been
used to carry out the fiber threading experiments, where the
whole approach is abbreviated as IMPVC in short. To examine
the benefits of the precisely dispensed droplet, multiple fiber
threading experiments are conducted, where the repeatability of
the fibers fabricated using the proposed IMPVC is studied and
compared with two other methods: a) conventionally velocity
regulation-based fiber threading, where the pulling force is not
controlled, referred to as VRVC method; and b) fiber threading
using impedance control with force tracking introduced, where a
commercial dispenser is used instead of the dispensing method
proposed in this paper, referred to as IMPCD method.

The paper is organized as follows. Section Il formulates the
problem. Section 11 describes the experimental setup. Section
IV introduces the estimation method for the extruded gel
volume. Section V discusses the adaptative MPC approach for
gel dispensing control. Section VI reports and discusses the
experimental results. Finally, section V11 concludes the paper.

Il. PROBLEM FORMULATION

Dispensing a sessile droplet on the top of the needle tip is
important for studying the fiber threading [15], where the droplet
will remain at its location during threading (see Fig. 1). Accurate
droplet dispensing is one of the most crucial steps for acquiring
reliable and repeatable results with respect to toughness,
strength, elongation, and stiffness.  The fiber threading
experimental protocol is shown in Fig.1 (A), consisting of the
fabrication and characterization phase. In the fabrication phase,
a sessile gel droplet is firstly dispensed on the top of the tip of
the dispenser needle; then the tip with the droplet approaches and
contacts the tip of the force sensor; after that, the dispenser
moves away from the force sensor pulling the gel droplet into a
fiber using impendence control with force tracking [15], until
certain reference force is satisfied; the system then stalls for a
certain period to allow the fiber to solidify under solidification
force control. In the characterization phase, the fiber is pulled
further until the fiber breaks while the pulling force is recorded.
This phase results in force-extension curves similar to Fig. 1 (B).

The force-extension curves can reveal key mechanical
properties of fiber, e.g., toughness, stiffness, elongation, and
strength. Toughness is the most remarkable property of
biological materials. A material can consume energy and gets
deformed without breaking up. The stiffness of the material
affects the degree it deflects under a load, and the strength is the
property of a material that opposes the deformation or
breakdown of material in the presence of load forces. The
elongation-to-break is the deformation of a sample when it
breaks.
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We studied the repeatability of the mechanical properties
based on the fabrication protocol mentioned above, whereas a
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Fig. 1. (A) The fiber threading experimental protocol. a) a droplet of gel is
extruded at the tip of the dispenser needle; b) the dispenser approaches and
contacts the tip of the force sensor; c) the dispenser moves away from the
force sensor pulling the gel droplet into a fiber using impendence control
with force tracking until certain reference force is satisfied; d) the system
stalls for a certain period to allow the fiber to solidify under solidification
force control; e) the fiber is pulled further until f) the fiber breaks. (B)
shows the force and displacement curves during the process steps a)-f).

commercial dispenser (Nordson EFD, model Performus V) is
used, by setting the same dispensing parameters (pressure of 2
bars and dispensing time of 10 s). The obtained characterization
force-extension curves are shown in Fig. 2 and the mean,
standard deviation (SD), and coefficient of variation (CV) of the
mechanical properties are shown in Table 1.

40

Characterization force (mN)

0 20 40 60 80
Extension (mm)

Fig.2. Force-extension curves during characterization based on
IMPCD.



TABLE 1: TOUGHNESS, STIFFNESS, ELONGATION, AND
STRENGTH, FOR FIBER FABRICATED BASED ON IMPCD

Toughness Stiffness Elongatio  Strength

(M- m™3) (NIm) n(%)  (MPa)

Mean 1.02 036 5195  25.60
sD 0.43 020 2150 595
CV (%) 4216 5556  8.48 23.24

We attribute the low repeatability of the toughness, stiffness,
and strength, elongation to the poor volume consistency even
though the dispenser parameters are the same, where the mean
and SD of the dispensed volume for 30 repetitions are 0.53 and
0.19 mm3, respectively. We hypothesize that the initial volume
has a significant impact on the mechanical properties of the
fabricated fibers. For this reason, we propose a precise robotic
gel dispensing method based on visual servoing using adaptative
MPC.

I1l. EXPERIMENTAL SETUP

The experimental setup for fiber threading is shown in Fig.3.
A novel precise robotic gel dispenser is installed at the lower part
of the setup, mounted on a motorized precision positioner
(Physik Instrumente, model M-404.4PD). A first surface mirror
is placed behind the tip of the dispenser at an angle of 45° to
provide two orthogonal views of the droplet for vision-based
volume estimation. For pulling experiments, a needle is mounted
on a fixed force sensor (LCM Systems, model LCM UF1) to
sense the pulling force after contacting the gel at the tip of the
gel dispenser. The motorized precision positioner is controlled
via a controller (Physik Instrumente, model C-884.4CD). The
measurement of the force sensor is acquired using a data
acquisition (DAQ) board (National Instrument, model PCle-

1. Manual positionner
2. Force sensor
3. Precision positionner
4. Force sensor needle
5. Gel dispenser

a) Mirror

b) Pusher

c) Pusher tip

d) Gel reservoir
e) Precision positionner|

f) Dispenser tip

Fig. 3. The experimental setup for precision extrusion and robotic fiber
micromanipulation and threading. The force sensor is fixed on a frame, and the
ael dispenser is mounted on a motorized precision stage.
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6363). The whole setup is constructed on a vibration isolation
table.

The dispenser consists of both mobile and fixed parts. The
mobile part consists of a pusher with a tip. The pusher is fixed
on a motorized precision positioner (Physik Instrumente, model
M-122.2DD), controlled via a controller (Physik Instrumente,
model C-884.4CD). The fixed part consists of a dispensing head,
which includes a gel reservoir and a needle tip for gel dispensing.
The gel reservoir is enclosed by a piston, which can slide inside
the reservoir when pushed by the pusher tip, causing the
dispenser extrudes the gel. The whole experimental setup
including the dispenser is controlled using Matlab/Simulink. A
commercial fast-curing contact adhesive (Pattex), a solvent-
based polychloroprene rubber, is used as the gel specimen in the
experiments.

IV. ONLINE GEL VOLUME ESTIMATION

The dispensed gel volume from the dispenser is one of the
important parameters that can influence the mechanical
properties of the fabricated fibers. To control the volume of the
extruded gel, we propose an online vision-based estimation
algorithm.

[Force
sensor tip

Camera

Dispenser
needle

Fig. 4. Concept and experimental setup of the gel volume estimation
method using two views.

To estimate the volume with good accuracy, we observe the
shape of the droplet from two angles to account for the non-axial
symmetric shape of the droplet, which is different from the
traditional assumption that the droplet is rotationally symmetric
and the volume of the droplet can be estimated using a single
two-dimensional droplet contour [27], [26]. A mirror is placed
behind the end of the dispenser tip at an angle of &6 = 45°to
provide a side view of the extruded droplet. The distance
between the mirror and the dispenser tip is I = 7 mm on the axis
passing by the end of the dispenser tip perpendicular to the axis
between the center of the camera and the dispenser tip. A camera
is placed at a distance d = 82 mm from the end of the tip of the
dispenser as shown in Fig.4. This configuration allows acquiring
two views, the front view and the side view reflected by the
mirror. Images acquired from the two views are firstly converted
to binary images using thresholding. Then, the largest connected
object (the gel droplet) is extracted together with its exterior
boundaries (see Fig. 5 (a)).

To achieve online 3-dimensional volume estimation, a facile
volume estimation algorithm is developed using the two exterior
boundaries (contours) of the gel droplet. The first step is to match
the points in the first contour to the second one on the horizontal
lines, where the spaces enclosed by the contours are segmented
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Fig. 5. (a) Algorithm for gel volume estimation. (b) The matching of the points in the first contour with respect to the second contour for the two image
views. (c) The principle by which the droplet volume is estimated. (d) The front and side views of a sphere with known volume for the calibration of the
algorithm. (e) The matching points in the first contour (front view) with respect to the second contour (side view) of the calibration sphere.

vertically in n slices of height h as shown in Fig. 5 (b). Since the
gel droplet is generally round, we treat each slice as an ellipse.
The second step is then to take the four intersection points of
each segment of the two contours to construct a two-dimensional
ellipse. The third step is to calculate each elliptical disk volume

using the equation: V; = 7’T“aibi. By summing up all the n
elliptical disks (see Fig.5 (c)), the volume of the droplet can be
estimated:

€y

i=1 i=1
where a; and b; are the lengths of the semi-major and semi-
minor axes of the ith elliptical disk, respectively.

a;b;

To validate the estimation algorithm, a ruby ball of known
volume (diameter = 3.00 mm, volume = 14.1372 mm?) is used
as the specimen. The image of the actual sphere and its reflection
in the mirror is shown in Fig. 5 (d). The matching points of the
two exterior boundaries derived using the slicing method are
shown in Fig. 5 (e). The estimation time of the volume is 0.02
seconds. The volume estimation algorithm was repeated 50
times. The obtained mean, maximum, minimum, standard
deviation, and error are shown in Table 2. The error is the
difference between the estimated volume and the theoretical
volume.
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V. ADAPTATIVE MPC FOR GEL DISPENSING CONTROL

Even though the previous modeling and control approaches
[21] achieved good results in their specific cases, they are mostly
linear controllers and not suitable when the properties of the gel
to be dispensed vary with time and the time delay is significant
in the dispensing processes. Linear controllers such as P and Pl
controllers work well for linear time-invariant (LTI) systems,
and PI controllers can also correct the steady-state error.
However, linear controllers such as P and Pl controllers are not
designed to handle significant time-varying properties or
significant time delays of the processes [28]. Here we adopt

TABLE 2: THE OBTAINED MEAN, MAXIMUM, MINIMUM, THE STANDARD
DEVIATION AND THE ERROR USING A RUBY BALL (VOLUME: 14.1372 mm3)

Mean Max Min Std Error
(mm?®)  (mm?)  (mm3) (mm3)  (mm?)
14,1982 14.1999 14.1970 5.50x 10~* 0.0610

adaptive MPC controllers with a time-varying prediction model
that can be adjusted at run time. The fundamental benefit of
model predictive control is that it allows us to optimize the
present timestep while taking future timesteps into account. This
is accomplished by optimizing a finite time horizon while just
implementing the current timestep and then optimizing again,
repeatedly [29]. When used with online parameter estimation
schemes, adaptive MPC becomes a powerful control solution,
which is well suited to optimal control of gel dispensing.
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Fig. 6. Adaptative MPC for gel extrusion volume control.

To implement the adaptive MPC, we first create an initial
model predictive controller for the nominal operating conditions
of the system based on the ARX model (see Fig. 6), then update
the plant model and nominal conditions used by the MPC
controller iteratively at runtime using the method similar to [30]
[31].

The prediction model for our adaptive MPC is a linear time-
varying, discrete-time state-space model:

x(k +1) = Ax(k) + Bu(k)

y(k) = Cx(k) + Du(k)
where the matrices A, B, C, and D are a function of time, k is the
time index; x is the model states; u is the plant inputs, in our case

the position of the pusher that can be adjusted by the MPC
controller; y is the plant output, which is the gel volume.

(2)

The gel volume y (k) should follow as closely as possible the
varying setpoint or reference r(k) of the desired volume. To
establish the control law, we should find a suitable u(k) solution
that minimizes the cost function J [32]:

Ny

NC
J =Y 00tk + )= 3G+ D) + ) w(utk +i - D)’
- s.t.lb < Au < ub 3)

where Q and w are the weights, ¥ is the estimated gel volume by
machine vision algorithm in Section Ill, Au is the incremental
control input of the current time step compared to the previous
step, N, is the prediction horizon, N, is the control horizon, both
are in time steps.

The set of allowable values for the incremental input Au is
bounded by both upper and lower saturation limits in the pusher
tip of the dispenser lb and ub, to avoid overflowing the gel from
the dispenser and the system goes out of the controllable space
where the pusher will mechanically malfunction.

At each time step, a new constrained optimization problem
of Eq. (3) is solved, obtaining in a series of N, control horizon,
or future moves that minimize the cost function based on the
inputs at the past and current time steps. This is achieved by
iteratively searching best solutions using a model predictor of Eq
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(2), where the optimizer evaluates the estimated output volume
v, from the model predictor by exploring u, in the search space
(see Fig. 6). The horizon is shifted forward one sampling time at
the next time step, and the optimization is repeated. Because the
horizons are constantly shifting, they are often referred to as
receding horizons.

Eg. (3) optimizes a quantity that is divided into two parts. The
first part expresses the expected error between future model
predictions y and the future setpoints r. Increasing the weight
Q penalizes the expected error proportionally, which makes the
error reduces faster. The second part of Eq. (3) quantifies the
change in control moves. Increasing the weight w, penalizes the
change in control moves, which discourages the controller from
making dramatic actuation. A careful selection of these two
weights Q and w is important to achieve successful volume
control.

A discrete-time auto-regressive with exogenous input (ARX)
model is identified online by the Recursive Polynomial Model
Estimator block (see Fig. 6) at each time step. The adaptive MPC
controller uses the model to update the internal plant model to
control the time-variant gel dispensing process. The ARX model
[32],

AA(k —1)y(k) = BB(k — Lu(k) 4)

can be arranged to give the current output in terms of the past
outputs and current and past inputs as [32],

yk) = —ayy(k = 1) -+ —ayy(k — n)+
bou(k) + bjutk — )+ -+ + b utk — m) (5)

We need to estimate the n + m + 1 unknown parameters a,,
...,a, and by, ..., b, such that our model is a reasonable
approximation to the data collected from the gel dispenser.
Notice that based on preliminary experimental identification of
the system, the order n is chosen to be 2, where n > m. We can
collect all unknown parameters into a column vector, 6, defined
as

a, | bO b1 e
and the immediate past data vector as

0=[a,a,--- byl T (6)



" =[-yk = 1) —ylk = 2)---—y(k — n)
u(k)ultk — 1) -+ ulk — m)]

The Recursive Polynomial Model Estimator in Fig. 6
estimates an ARX model from the displacement of the pusher tip
(input) and the measured gel volume (output). The estimated
model is then converted into state-space form and fed to the
Adaptive MPC Controller at each time step.

(7

To avoid slow convergence of the estimated parameters of
the model due to continuous parameters variation, a forgetting

Algorithm 1: Online recursive polynomial model estimation algorithm.

1. At time step N, collect a new input/output data pair

(Uns1/Yn41)s
2. Form the new @y, Vvector by inserting uy.1, Yn+1
into:
Pre1 = [=Vn = Ynonr1l Uyt o Unomia]  (8)
3. Evaluate the new gain matrix Ky, [23]
P,
Kyi1 = AL 9

A+ (P£+1PN(PN+1

where the covariance matrix Py = (X5 Xy)™t and A
is the forgetting factor.

Xy is the old data matrix,

~Yn-1 ~Yn-2 = Yo Up Up_q - Un-m
Xy = _:Yn _}jn—l _Y1: un+1: u,:l u:n—m+1 10)
—YN-1 “Yn-2 v “IN-n-1| uy uyy o Un-m

4. Update the parameter vector 8y, [23]

Ov+1 = Oy + Kysr Uy — @h+16n) (11)
5. Update the covariance matrix Py, Which is required
for the next iteration [23].

P
Py = TN [1- (PN+1K1€+1]

(12)

6. Wait out the remainder of one sample time T, increase
the sample counter, N to N + 1, then go back to step
1.

factor is used to gradually reduce the influence of old data in
favor of more recent data. The initial model is obtained using
offline system identification, which is used to initialize the online
estimator. The algorithm of the online recursive polynomial
model estimator is described step-by-step in Algorithm 1.

The whole scheme of visual servoing adaptive MPC for gel
dispensing control is shown in Fig. 6. The controller
performance is validated experimentally at a sampling frequency
of 20 Hz. The Recursive Polynomial Model Estimator above is
used to estimate an ARX model based on the displacement of the
dispenser tip (input) and the measured gel volume (output). The
weights of the cost function Q and w have been selected based
on the trial-error method (Q = 5.2, w = 0.8). A 0.98 forgetting
factor has been selected based on trial-and-error. The adaptative
MPC scheme was evaluated using the experimental setup
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Fig. 7. Dispensed gel volume controlled by the adaptive MPC,
compared with the reference volume, as well as the corresponding
volume error.

presented in section 1. As shown in Fig. 7, for a reference
volume of 0.1 mm3 at t = 0s, the real volume tracks the
reference volume with a response time of 55 s, and a volume
tracking error of 2.44 x 10~*mm?3 (0.24%). The response time
is very important to avoid the overflow of the extruded gel and
consequently control failure. For this reason, we designed the
controller to be slow at the beginning to avoid overflow.

VI. FIBER THREADING USING ROBOTIC GEL DISPENSING

In this section, we investigate the impact of the proposed gel
dispensing volume control method when combined with the fiber
threading method on the repeatability of the mechanical
properties of the fabricated fibers, where the whole approach is
abbreviated as IMPVC in short. We use an experimental protocol
as shown in Fig. 1 to conduct experiments and characterize the
mechanical properties of the fabricated fibers and investigate the
repeatability of the experiments.

To investigate the repeatability of the mechanical properties
of the proposed IMPVC method, four fibers are fabricated and
characterized following the experimental protocol of Fig. 1. The
dispensed gel volume is 0.6 mm?3 in all experiments. The
obtained characterization force-extension curves are shown in
Fig. 8 (a). The mean, standard deviation (SD), and coefficient of
variation (CV) of the mechanical properties, toughness, stiffness,
elongation, and strength are estimated as shown in Table 3.

To compare the results, we also studied the repeatability of
the mechanical properties using the VRVC method. A dispensed
volume of 0.6 mm3 in VRVC method is used. The obtained
characterization force-extension curves for the VRVC method
are shown in Fig. 8 (b) and the obtained mechanical properties
are shown in Table 4. The CV diagram of mechanical properties
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Fig. 8. Force-extension curves during characterization for a) IMPVC method; b) VRVC method. c) The obtained CV of toughness, stiffness, elongation,
and strength for IMPVC, VRVC, and IMPCD. d) The pulling force during solidification using VRVC method with volumes of 0.6 mm?3. ) Characterization
of three fibers using IMPVC with the volumes of 0.2, 0.4, and 0.6 mm?2. f) The obtained mechanical properties: toughness, stiffness, elongation, and
strength, for fiber threading using IMPVC with volumes of 0.2, 0.4, and 0.6 mm?3.

(toughness, stiffness, elongation, and strength) is shown in Fig.
8 ().

We can notice that the repeatability of the mechanical
properties using the IMPVC method is the highest (with the
lowest CV in Fig. 8 (c) and using the VRVC method ranks
second. We attribute the inferior repeatability of the VRVC

TABLE 3: TOUGHNESS, STIFFNESS, ELONGATION, AND STRENGTH, FOR
FIBER FABRICATED BASED ON IMPEDANCE CONTROL WITH VOLUME
CONTROL

Toughness Stiffness Elongation Strength

M]- m=3) (NIm) (%) (MPa)

Mean 0.82 062 4012 3179
SD 006  0.023 137 1.79
CV (%)  7.32 371 3.41 5.63

TABLE 4: TOUGHNESS, STIFFNESS, ELONGATION, AND STRENGTH, FOR
FIBER FABRICATED BASED ON VELOCITY REGULATION WITH VOLUME
CONTROL

Toughness Stiffness Elongation Strength

(M]- m~3) (N/m) (%) (MPa)

Mean  0.20 029 1760  11.09
SD 0.03 0070 149 1.58
CV (%) 1500 2414 848 14.25
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method to the uncontrolled solidification forces during the
fabrication phase as shown in Fig. 8 (d), compared with the
impedance-controlled solidification in the IMPVC method. On
the other hand, the IMPCD method has the lowest repeatability
of mechanical properties. We attribute this to the poor volume
consistency even though the dispenser parameters are the same,
where the mean and SD of 30 repetitions of dispensing are 0.53
and 0.19 mm?3 respectively. The results also show that the initial
volume has a significant impact on the mechanical properties of
the fabricated fibers.

To study the influence of the initial volume on the
mechanical properties of the fabricated fibers using the proposed
IMPVC method, we extruded different volumes of 0.2, 0.4, and
0.6 mm?3. The obtained force-extension curves are shown in Fig.
8 (e). The mechanical properties of the fabricated fibers, in terms
of toughness, stiffness, elongation, and strength corresponding
to a different volume, are compared using bar diagrams as shown
in Fig. 8 (f). We can notice that the toughness, stiffness,
elongation, and strength are directly proportional to the extruded
gel volume, in line with the expectation.

VII. CONCLUSION

Fluid dispensing is widely used in a variety of sectors,
including industrial applications such as garment and footwear
manufacturing and assembly, soft macro-, and microrobotics. In
this paper, we proposed an online precise robotic gel dispensing
method to achieve highly repeatable robotic fiber fabrication.



We designed a robotic gel dispenser that can accurately dispense
gel droplets of desired volume using visual servoing and
adaptive model predictive control. An online 3-dimensional gel
volume estimation algorithm based on image processing was
constructed to provide the estimation of the volume of the
dispensed gel droplet during dispensing. We employ the fiber
threading technique based on impedance control with force
tracking we developed recently to carry out the fiber threading
experiments. To examine the benefits of the accuracy of the
dispensed droplet, multiple fiber threading experiments were
conducted, where the repeatability of the fibers fabricated using
the proposed methods was compared with two other methods: a)
conventionally velocity regulation-based fiber fabrication,
where the pulling force profile is not controlled, and b) fiber
threading using impedance control with force tracking using a
commercial time-pressure dispenser. The obtained gel volume
estimation standard deviation is 5.50 x 10™* mm3, with
extruded gel volume tracking error of 2.43x 10~*mm3 (0.24%).
The proposed approach in the paper gave the best repeatability.
The obtained CV of the toughness, stiffness, elongation, and
strength is 6.7%, 3.7%, 3.4%, and 5.6% respectively. The
influence of the extruded gel volume has been studied, showing
that the mechanical properties of toughness, stiffness,
elongation, and strength are directly proportional to the increase
of the extruded gel volume.
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