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Feedback Control for the Precise Shape

Morphing of 4D-Printed

Qinglei Ji
and Lei Feng

Abstraci—Four-dimensional printing (4DP) is a newly
emerged technology that uses smart materials for addi-
tive manufacturing and thus enables shape and/or property
change upon stimulus after the printing process. Present
study on 4DP has been focused on open-loop stimulus,
which can hardly ensure high shape precision and pre-
dictable final states. In this article, a new closed-loop 4DP
(CL4DP) process supplementing 4D printed actuation with
closed loop control methods is proposed. Image feedback
is used for enhancing the conventional open loop 4DP mor-
phing process and a controller is implemented to regulate
the intensity of the stimulus accordingly in real-time. To
achieve precise control, a nonlinear affine system model
is built by model identification with measurement data to
describe the dynamic shape recovery process of the 4D-
printed shape memory polymer (SMP). Precise shape con-
trol is achieved and the effects of controller parameters on
the precision of CL4DP are studied. Traditionally, SMP has
a discrete number of selected steady states. With CL4DP,
such steady states can be continuous and arbitrary.

Index Terms—Closed-loop control, four-dimensional
printing (4DP), shape memory polymer (SMP).

[. INTRODUCTION

OUR-dimensional printing (4DP) is defined as a prototyp-
F ing technology that builds 3-D printed structures with smart
materials to enable the object morphing under external stimuli
[1]-[7]. The technology is foreseen by the yearly Gartner Hype
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Cycle for Emerging Technologies [8], [9] as one of the most
promising technologies that will enjoy a flourishing develop-
ment in the coming years.

One of the most promising and widely used material for 4DP is
shape memory polymer (SMP), which has shape memory effect
(SME) with which a material can return from a deformed tempo-
rary shape to its original permanent shape via external stimulus
[10]-[13]. As shown in Fig. I(a), typical 4D-printed thermal
SMPs have two stable states: permanent shape and temporary
shape [4], [14], [15]. Objects are printed with the permanent
shape. If heated up above the glass transition temperature 7,
the material is softened and can be deformed into a temporary
shape. When cooled down, the temporary shape will be held
until the object is heated above Ty again. Then, the heated
object recovers the permanent shape and the internal stress
is released. However, the conventional SMP recovery suffers
from poor precision, poor reproducibility, and unpredictable
recovery rate [16]—[18]. Tobushi et al. [19] highlighted the issue
of irrecoverable strain when SMP is held at a high temperature
for along time and used such strain to obtain new shapes. Singhal
et al. [20] studied unpredictability of SMP actuation rate and
controlled the complete shape recovery time via systematically
varied hydrophobicity. Yu et al. [21] reported the influence of dif-
ferent SMP programming parameters, such as the programming
temperature and the heating time, and proposed a performance
map to characterize the shape memory performance. Mather et
al. [10] reviewed the SMP research progress and highlighted
the importance of SMP recovery in a controlled fashion and
precisely tailoring the triggering breadth and recovery rate of
SMP.

Furthermore, to enable more potential applications, re-
searchers have been striving to increase the number of temporary
states of SMPs [22], [23]. Existing methods include increasing
the number of discrete reversible phase transitions in the polymer
[24]-[28] and tailoring the shape memory transition tempera-
tures [22], [29]-[31]. However, these methods require predesign,
preprogramming with good knowledge of a specific material and
have limited use cases due to the specifically designed shape
recovery scenario.

From control engineering perspective, an open-loop 4DP pro-
cess is susceptible to many disturbances, such as the following.

1) variation of material property in spatial dimension regard-
ing material distribution or in time dimension regarding
variance in different prints;
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reach high precision. However, few controlled 4DP studies have
been investigated. Wang et al. [32] developed a novel material,
which exhibits relatively better linear relationship between shape
recovery and corresponding stress, and thus arbitrary shape
changes can be realized by applying this relationship. However,
this process is limited with the chosen range of materials.
Zolfagharian et al. [33] studied the bending control of a 3-D
printed polyelectrolyte soft actuator with an uncertain model.
In their work, fuzzy subsystems are derived for modeling of
the actuator. Then, a sliding mode control law is employed to
ensure the stability of the closed-loop fuzzy system and deal
with model uncertainties. However, 3-D printing is only applied
as a fabrication method for the polyelectrolyte soft actuator. The
3-D printing effects are not studied and it cannot be treated as a
4DP work.

This article designs and implements a closed-loop control
strategy to the 4D-printed SMP morphing process, namely
closed-loop 4DP (CL4DP) as illustrated in Fig. 1(b). The con-
tributions are the following. A data-driven nonlinear model is
developed to describe the dynamic characteristics of the SMP
recovery process. A proportional-integral (PI) controller with
antiwindup is designed to control the SMP to precisely reach
arbitrary temporary states with high repeatability. A self-sensed
heating unit is developed to provide fast and precise temperature
stimulus for the SMP actuation. The advantage of our method
compared to previous results [22], [28], [29] is that the target
positions for the SMP to precisely reach are continuous. Influ-
ence of 4DP parameters, such as infill direction and mixture
ratio on the control result, is studied. As an application of the
proposed CL4DP, a small car whose chassis is supported by
SMP is fabricated, so that the chassis height can be precisely
changed by the CL4DP control method.

This article is organized as follows. The SMP recovery pro-
cess is modeled in Section II. The build up of the CL4DP system
is described in Section III. Section III is divided into three
sections. Section III-A introduces the principle and verification
of the self-sensed heating unit. Section III-B builds the motion

recovery parameter can be any parameter that can describe how much
the SMP is recovered such as angle, displacement, and strain. (b)
Maximum strain rate and recovery ratio versus temperature. (c) Nor-
malized strain rate versus normalized strain. (d) Comparison between
the simulation and experiment results of angle variation during an SMP
recovery process with constant temperature stimulus.

controller for the SMP recovery process and analyzes the effects
of the control parameters. Section III-C studies how model errors
affect the control result. The implementation of CL4ADP for a
small car transformation is elucidated in Section I'V. Section V
concludes this article.

Il. MODELING OF SMP RECOVERY

To achieve a precise control of 4DP, it is necessary to acquire
an explicit model of the shape recovery dynamics of the SMP.
The study on the characteristics of internal strain and stress of
SMP regarding its shape and temperature has been deeply inves-
tigated since 2001 [14], [21], [34], [35]. However, these models
are not suitable to derive the macroevolution of 4D-printed SMP
as they are limited to the static stress—strain relation, which
cannot be applied to describe the dynamic movement, such as
the recovery velocity variation. Furthermore, the complex infill
patterns and printing uncertainties make it even harder to acquire
a reliable model for 4D-printed SMP.

In this article, polylactic acid (PLA) and thermoplastic
polyurethane (TPU) blends are used for fabricating SMP sam-
ples. Fig. 2(a) shows a typical recovery process upon a constant
temperature stimulus where the y-axis represents the shape
recovery characteristics, such as recovered angle, recovered
distance, or recovered strain. The recovery speed, which is the
derivative of the recovery angle (or strain depending on the
legend of the y-axis), accelerates at the beginning of the recovery
process and then reaches the maximal value in the middle of the
process. After the middle point, the recovery speed slows down
and SMP continues moving with slower speed until it reaches
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the final position. In our study, angles are captured to represent
the recovery status. The recovered angle « is defined as the
angular difference between the measured position and the initial
temporary position, as illustrated in Fig. 2(a). The maximum
predeformation angle (the process of changing the shape of an
SMP object from its permanent shape to a temporary shape) is
noted as «ay. For simplicity, a dimensionless parameter, strain, is
defined as the ratio of the recovered angle c(¢) and the maximum
predeformation angle oy, represented as follows:

() = 20 o

Qo

Thus, the strain rate é(t), as the derivative of €(t) to time,
represents how fast the SMP is recovering to its permanent
shape. The maximum strain rate representing the maximum
recovery angular speed for a recovery process is noted as é,,, (T'),
which is dependent on the temperature stimulus 7". The blue
line of Fig. 2(b) shows the variation of the maximum strain rate
ém (T) for different temperatures. For temperature in the range
of [65°C, 75°C], €, (T) is approximately a linear increase with
the temperature input, which can be expressed as follows:

ém(T) =aT +b )

where a = 0.0028 and b = —0.1454. Assuming that the relation
is still linear for lower temperatures and let é,,(T") = 0, the
critical temperature T, = —b/a is acquired, which indicates
the temperature under which the strain rate is always zero and
recovery cannot happen. In this article, 7. = 52 °C. In the tem-
perature range of [55 °C, 75 °C], the strain rate ¢(t) for different
temperatures can be normalized with the maximum strain rate
ém (T) and the normalized strain rate is the following:

&(t)

€.T) = ) al +b

én(T)

where é(t, T) varies between 0 and 1.
Previous study has found that the SMP cannot recover com-
pletely to its permanent shape [36], [37] and this difference
can be described by the recovery ratio R, = (%) " \where

(03
a(o0) = tlim a(t) is the final recovered angle. The limit must
—00

3

exist because the shape recovery process is irreversible and ()
cannot be larger than «g. According to (1), R, = €(c0). The
recovery ratio is affected by the materials composition, prede-
formation temperature, and recovery temperature. The green line
in Fig. 2(b) shows the relation between the recovery ratio and
different temperature stimulus when the same temperature is
used for predeformation and recovery stimulus. In the tempera-
ture range of [55°C, 75°C], R, shows small difference around
R, = 90%, but drops largely after 80 °C.

As aforementioned, the maximum value of strain equals the
recovery ratio. Thus, the strain can be normalized using the
recovery ratio R, as follows:

“

where € is the normalized strain and varies from O to 1. In tem-
perature range [55 °C, 75 °C], the same recovery ratio R, = 0.9
is applied for the normalization: € = €/0.9.

Normalized strain rate € is plotted versus normalized strain
€ for different temperatures, as shown in Fig. 2(c). The figure
indicates that (a) the normalized strain rate reaches the peak
value of 1 at around one-third of the total recovery process and
(b) decreases to 0 at the end (c) with a zero acceleration so
that the morphing process can stop. Together with the condition
that (d) the curve must pass the origin, these four boundary
conditions mean that the curve can be described with a third-
order polynomial

é(t,T) = 6.75¢(t)(e(t) — 1)2. 6))

With (3)—(5), in the temperature range [55°C, 75 °C], the fol-
lowing relation is acquired:

2
é(t) = 6.75 x Egr) (Eé? _ 1> (@l +b).  (©
Equation (6) describes a nonlinear affine system model. a, b,
and R, are constants related to the SMP property and stimulus
range. Variables € and 7" represent the system state variable and
system input, respectively. Using (1), the model can now be more
explicitly described as

a(t)

a(t) = 6.75 x = ( a(t)

O4ORT

2
i 1) (aT +b) (1)

where T is the temperature input, « is the predeformation angle,
and «(t) and &(t) are the recovered angle and the recovered
angular speed, respectively. a, b, and R, are constants related
to the SMP as mentioned previously. For the modeling of SMP
recovery in our study, temperature stimulus tests are performed
three times for the predeformation angle o of 45°,77.5°, and
90°. These nine groups of data are then averaged for acquiring
the model. In one test case where 7' = 55 °C and oy = 45°, the
response of a(t) can be estimated by (7). Fig. 2(d) shows the
experimental and simulated results of the variation of the angle
versus time. The green line shows that the error is up to 90% at
the beginning and converges to zero in the end.

I1l. PRECISE SHAPE CONTROL FOR SMP

With the aforementioned model, the SMP shape morphing
can be regulated precisely to a middle state by changing the
stimulus temperature during the 4DP morphing process rather
than always recovering to the permanent shape. The control loop
is illustrated in Fig. 3(a). Two controllers are implemented in a
cascade structure to achieve temperature control and morphing
control, respectively, as shown in Fig. 3(b) and (c). The differ-
ence between the position reference and the real position is first
calculated and sent to the morphing controller. The controller
then sends out a reference temperature value in order to achieve
the target position. The temperature reference is then compared
with the real temperature of the heating unit and the temper-
ature difference is received by the temperature controller. The
temperature controller calculates the required electric voltage to
achieve the target temperature. This voltage reference signal is
then read by a power supply and applied to the heating circuit
to heat the SMP and regulate the morphing process.
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Closed-loop control set-up for CL4DP. (a) Cascade control

A. Precise Temperature Stimulus With a Self-Sensed
Heating Circuit

Traditional heating devices have a separate heating source and
a sensor for temperature monitoring, which are not portable and
hard to implement for the SMP stimulus. This study develops
a tiny heating unit that can self-sense its temperature to realize
fast-response and controllable temperature.

The heating circuit is fabricated with a single-sided Pyralux
flexible copper laminate, which is made of a composite Kapton
polyimide film with copper foil on one side as shown in Fig. 4(a).
The Kapton base is 50 um and the copper base is 30 um. The
laminate is then covered with spray paint that evaporates under
high temperature over around 200 °C, as shown in Fig. 4(b). The
circuit is designed with Adobe Illustrator and then loaded to a
75-W Epilog Fusion laser cutter, which is shown in Fig. 4(c).
The laser beam travels over the painted copper film and locally
heats the unwanted copper positions. As a result, the local paints
vaporize and the covered copper under the evaporated paints is
exposed to air, which is marked in Fig. 4(d). The entire film is
then immersed in 70 °C etching solution (sodium persulfate) for
30 min to fully dissolve the exposed copper as shown in Fig. 4(e).
After etching, the useless areas are cut out and the heating areas
are remained as shown in Fig. 4(f). Fig. 4(g) shows that the
heating circuit is attached to the SMP.

The copper has resistance coefficient that is linear to temper-
ature [38]. The relation can be expressed as

R(T> = Rref[l + KJ(T - Tref)] (8)

where R..s represents the electric resistance at a reference tem-
perature Ti.¢ and « is the temperature coefficient of resistance for
the material. Here, Tief = 20 °C and Kcopper = 0.00393. R(T') is
the resistance at temperature 7'. With (8), the temperature of the

White paints

Exposed copper,

Fig. 4. Fabrication of the heating circuit. (a) Copper film. (b) Cover the
copper film with white paints. (c) Use laser beam to carve the paints.
(d) Exposed copper after laser carving. (e) Etch the exposed copper.
(f) Fabricated heating circuit. (g) Heating circuit is stuck to the SMP.

copper circuit can be estimated with the real-time resistance

1/ R
T(R):[{<Rt

- 1) + Tref' (9)

The electric resistance of the heating circuit is calculated using
Ohm’s law with the measured electric voltage and current and
then (9) is applied to calculate the real-time temperature of the
heating circuit.

Step response tests are performed to acquire the temperature
response model of the heating circuit. Electric voltage of 0.2-1 V
with a step of 0.1 V is applied on the heating circuit and the tem-
perature responses are recorded and normalized with the squared
value of the corresponding voltage as shown in Fig. 5(a). It is
found that the normalized temperature responses under different
electric voltages are basically the same. These responses are then
averaged and fitted with tfest function in MATLAB to acquire the
transfer function between the normalized temperature and the
squared electric voltage. The transfer function can be expressed
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T(z) bzt

U(z) T 1-az ! (10)

where T represents the normalized temperature over the square
of the voltage and U represents the square of the voltage.
a =0.9926 and b = 0.7818. Discrete time of the system is
Ts =0.05s.

With the model, a PI controller with antiwindup is applied for
controlling the temperature precisely and rapidly. The structure
of the controller is illustrated in Fig. 3(b). Once a required
temperature is given as the reference, the controller will cal-
culate the applied electric voltage automatically to regulate
the actual temperature to the reference value. The autotuning
function in MATLAB Simulink is used with the aforemen-
tioned heating circuit model to tune the controller parameters to
meet the following requirements: no overshoot to avoid fusion of
the material or burning of the heating circuit; and rise time should
be as short as possible to provide quick temperature stimulus for
the SMP. A fine-tuned PI controller with antiwindup satisfying
these requirements is then implemented on the temperature
control unit. The parameters used for the temperature controller
is as follows: Pr = 0.3, I = 0.2, and K = 6. The electric
voltage limits are: Vi, = 0.2V to ensure that there is always
current in the circuit so that the resistance of the circuit can
be calculated, and Vj,x = 0.9V to ensure a maximum heating
temperature around 80 °C for protecting the SMP.

To test the controller experimentally, the temperature refer-
ence is set to vary in the temperature range of [55°C, 75°C]|,
which is the temperature range that the SMP model in the main
text functions. The electric voltage and current of the heating cir-
cuit are measured with an INA219 High Side DC Current Sensor
Breakout that is connected with the heating circuit. The voltage
source of the circuit is an RND 320-KD3005P Programmable
Bench Top Power Supply (RND Lab) and controlled in real
time with an Arduino Mega 2560 board. The aforementioned
estimated temperature from the electric resistance is provided
to the controller as the temperature feedback. As shown in
Fig. 5(b), the estimated temperature using the electric resistance
follows the temperature reference well. The error between the
actual temperature (measured with an independent thermal cam-
era) and the estimated temperature from the electric resistance is

always lower than 5%, which further proves the feasibility of the
temperature estimation with electric resistance. The maximum
time delay for the actual temperature to meet the temperature
reference is smaller than 2s, which is more than ten times
faster than the SMP response time. So, it is reasonable to use
the cascade controller. The corresponding voltage trajectory is
shown with the green line.

B. Effects of Motion Control Parameters

A Logitech ¢270 webcamera is used to capture the morphing
at 30 frames per second (fps) and images are analyzed in Python
running on a computer to estimate the real-time angle feedback.
The acquired angle is sent to an Arduino Mega 2560 board,
which performs control functions. Fig. 3(c) shows a PI controller
structure designed for the nonlinear SMP model with MATLAB
Simulink. An antiwindup function and output saturation are
also used to limit the controlled temperature in the functional
temperature range [55°C, 75°C]. The controller changes the
temperature in real time according to the instant position to meet
the control target. To acquire an expected controller, the effects
of the morphing controller parameters including the proportional
value P, the integral value I, and the back-calculation co-
efficient K shown in Fig. 3(c) on the control results will be
studied.

The rise time and the static error are used to evaluate the
control performance. The rise time is defined as the time length
of the control process from 5 to 95% of the position reference.
The static error is defined as the error between the controlled
position and the position reference at 200 s. Fig. 6(a) shows the
effect of various Py, values on the static error and rise time while
fixing Iy = 2and K3j; = 1. The static error rapidly approaches
zero when Py increases and equals zero when Py is around 50.
On the other hand, the rise time decreases a little bit for small
Py and then increases almost linearly with Pj;.

Furthermore, the influence of the I; value is studied. If Py,
is fixed at 50 and Ky, still equals 1, the static error decreases
rapidly and then reaches zero at around I,; = 2, as shown in
Fig. 6(b). The rise time decreases for increasing I ;. Finally, if
Py = 50and Iy, = 2, theincrease in K, will slightly increase
the rise time and increase the static error as shown in Fig. 6(c).
Note that the static error is always above 0 as the SMP recovery
is not reversible such that the final angle is always slightly larger
than the reference.

A group of control parameters that minimize the static
error are picked to perform the CL4DP: Py, =50, Ip =
2, and Ky = 1. Fig. 6(d) shows the angle changing process
with angle references as 15°, 22.5°, and 30°. The predeformed
angle oy is 45°. The bottom plots in Fig. 6(d) show the corre-
sponding temperature stimulus. It is found that the correspon-
dence between the experiment and simulation results differs for
different control references, as shown in Fig. 6(e). To describe
this correspondence quantitatively, two variables are defined.
The difference of rise time refers to the difference between the
rise time t.x, in the experiments and the rise time tgy, from
simulation with the same control reference of the experiments.
It is calculated by: (fexp — tsim)/tsim. The difference of static
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error is defined as the difference between the static error eep
of experiments and static error eg, of simulation with the
same control reference of the experiments. It is calculated with:
(€exp — €sim)/€sim- The difference of rise time is up to 20%
for small reference angles and tends to zero when the position
reference is larger than half of the maximum predeformation.
The difference of static error is always around zero for all control
targets and is smaller for larger reference targets.

The closed-loop control results are then compared with open-
loop control. The control data with a reference of 22.5° are used
for the comparison. The temperature stimulus for the open-loop
process 1is illustrated in the bottom of Fig. 6(f) and can be
expressed as

1.3t + 52, 0s<t<10s
65 105 < ¢ < 302
T() = SSESOUSS gy
1.3t +104.26, 3025 < ¢ <4025
52, t>402s

The open-loop controller exactly reaches 22.5° in simulation.
However, as shown in Fig. 6(f), in the three experiment tests that
are performed, the final angles all failed to stop at the reference
angle. The angle errors for the three open-loop tests are 24%,

6.2%, and 5.8%, respectively, while the error of closed-loop
control is only 0.8%, which proves the precision of CL4DP.

C. Effects of Model Error

The composition and printing methods of the SMP also affect
the control result. The same control strategy is used while vary-
ing the SMP fabrication parameters in order to investigate their
effect. Two main factors studied are the material composition
and the infill angle during the printing process. Their effect on the
control result are studied by comparing the experiment results
with the simulation results.

The disturbance in the material composition is first studied.
Blends of PLA and TPU are applied in this article for higher
recovery rate. PLA is a commonly used 3-D printing material
featured with good printability and utility. PLA shows SME
and has a glass transition temperature T, = 55 °C and melting
temperature 7, = 180 °C. Traditional methods of mixing the
material and then fabricating with the blends are time consuming
and require professional material operation experience. How-
ever, 4DP technology enables to print these two materials with
different mix ratios in one print. A Geeetech A10M mix-color
3-D printer shown in Fig. 7(a) is used for printing. The printer
can simultaneously feed PLA and TPU filaments (PrimaSelect,
both provided by 3D Prima) and heat the materials in the same
chamber until they are extruded and form a filament combining
these two materials as shown in Fig. 7(b). Fig. 7(c) shows a
typical cross section of prints with 70% PLA and 30% TPU,
50% PLA and 50% TPU, and 30% PLA and 70% TPU. The
sample with 50% PLA and 50% TPU is regarded as the standard
composition for modeling. The glass transition temperature of
the standard sample is 52 °C and the rise time (defined as the
time length of the recovery process from 5 to 95% of the final
position upon a constant temperature stimulus of 65 °C) is 73.7 s.
The failure stress and strain are 7.8 MPa and 1.28%, respectively.

Here, we use the content percentage of TPU to describe the
disturbance as shown in Fig. 7(d). The blue line shows that when
the percentage of TPU increases from 0 to 100%, the difference
of rise time decreases from a positive error around 30% to
zero when the material is identical to the standard composition.
The difference of rise time increases rapidly for larger TPU
percentage and approaches positive infinity for 100% TPU. At
this point, the material exhibits no SME and is totally elastic so
that the rise time for the material to recover to the permanent
position is almost zero. The green line in Fig. 7(d) shows that
the difference of static error is almost the same as zero for TPU
percentage up to 75% while it increases to positive infinity when
TPU percentage approaches 100%. As a conclusion, the rise
time is influenced by the compositional variant obviously. The
static error of the controller shows good robustness as long as
the material still shows SME.

The infill angles during the 4DP process also influence the
control result. The inset of Fig. 7(e) shows the different values
of infill angles during printing. The infill angle represents the
printed filament direction of the first printed layer, which also
gives an indication of the distributions of the materials in the
other layers as the filament directions for two neighbor layers
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Fig. 7. 4DP of SMP with controllable composition and effects of model

errors. (a) Geeetech A10M mix-color 3-D printer for mixing and printing
the SMP with different compositions and infills. (b) Schematic of the
mixing extruder. (c) Schematic of printed sample with different material
compositions. (d) Effects of material composition (TPU percentage) on
the rise time and static error of control results. (e) Effects of infill angles
during 3DP on the rise time and static error of control results.

are perpendicular to each other. The infill angle of 0° is defined
as the printing direction along the long side of the printed SMP
and 90° defines that the printing direction is perpendicular to
the long side. As shown by the blue line in Fig. 7(e), while the
infill angle during 4DP increases from 0° to 45°, the difference
of rise time increases to a maximum value around 25%. When
the infill angle further increases from 45° to 90°, the variation
of the difference of rise time is approximately symmetric to 45°.
The green line shows that the difference of static error is almost
zero for all infill angles and is also approximately symmetric
to 45°.

IV. APPLICATION: SMALL CAR TRANSFORMATION
ENABLED WITH CL4DP

In this section, a small car prototype is introduced to demon-
strate the potential application of CLADP. Modern vehicles
use suspension systems to change body height, which require
complex mechanisms. Here, the support structure of a small car

Hea‘ng
source

(©)

(d) ©

Fig. 8. Height control design of the small car chassis. (a) Front view
of the small car. (b) Components of the small car. (c) SMP frame with
heating wires. (d) Ascending of the small car. (e) Descending of the
small car.

is replaced by the previously mentioned SMP material, which is
able to vary its shape continuously in a range through CL4DP
method as shown in Fig. 8(a) and (b). Fig. 8(c) shows the front
SMP frame structure as an example. Two gaps are designed for
hosting the copper wire and baffle plates are used for fixing the
edges of the heating wire to avoid free movement.

As illustrated in Fig. 8(d), the printed SMP frame is in its
permanent shape that keeps the small car in its lowest position at
time ¢1. Positions A and B of the frame are surrounded by copper
wires that provide heating power to regulate temperature. Two
springs are mounted to balance the gravity and are compressed
at the lowest position so that they can lift the small car to the
highest position when the SMP is heated. At low temperature,
the SMP frame is rigid enough to counterbalance the spring force
and hence fixes the car chassis in its lowest state. At this point,
the center of gravity of the small car is also the lowest, which
makes the small car stable and suitable to run in high speed.
However, when heating positions A and B up to temperature 7},
of the material, the SMP becomes soft and the spring force now
lifts the car as shown at time ¢ until the highest point. When the
transformation stops, the temperature decreases and the frame
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Fig. 9. Height control results. (a) Schematic of the height control sys-

tem for the small car. (b) Influence of the small car chassis height on the
overturning rate and the sticking rate. (c) Height control.

becomes hard again at ¢3 so that the small car is fixed in a higher
position while the SMP is in its temporary shape. The gravity
center and the small car chassis height are high now, which is
suitable for low speed driving and bumpy roads.

To make the shape transformation repeatable, a load of 5 kg is
mounted on the small car to increase the body weight so that the
gravity and the shape memory force can cooperate to overcome
the spring force, which enables the chassis to recover to the
lowest position upon heating the SMP again as shown in Fig. 8(e)
at time t4 and t5. The temperature then goes down at tg and
the load is unloaded. The state is now returned to ¢; and the
transformation process can repeat when the temperature goes
up again.

In our design, the aforementioned process is controlled with
CL4DP method. The small car height control system has two
independent height control loops that share the same control
board as shown in Fig. 9(a). An Arduino Mega 2560 is applied
as the control board and the I°C bus is used for the signal
acquisition from the two distance sensors for the front and back
chassis heights and two voltage—current sensors for calculating
the electric resistance. The information is then analyzed with
the CL4DP controller and the reference voltage values are sent
to the power stations. The heating elements are then heated up
so that the SMP starts to change the heights under the feedback
control, which enables the height of the small car to be adjusted
to any value between the lowest and the highest positions.

Similar to Section II, the control starts with the model describ-
ing the chassis height response under different temperatures.
Following the same experiment and data processing methods,
similar model, as (5) that describes the dynamics of the height

changing process, can be applied and expressed explicitly as

_ h(t) (h(t)
v(t) = 6.75 x e <ho -

2
) (mT +n) (12)
where v(t) is the height change speed, h(t) is the real-time
height, hy = 10 mm is the height variation range mentioned ear-
lier, T' is the temperature over the SMP, m = 0.0449 mm/s -°C,
and n = —2.8356 mm/s. Similar to CL4DP, a PI controller
with antiwindup is applied for height control. The controller
parameters are redesigned using the new model parameters. The
new control parameters are P = 3, [ = 0.02,and K; = 1 and
temperature is limited under 85 °C. Fig. 9(c) shows the height
control for an ascent process from 3 to 13 mm and a descent
process from 11 to 1 mm with a gap height of 2 mm. Notice
that there is a height drop of 2 mm when adding the load, which
results from the structure deformation of the small car. The small
car with different chassis height is then tested on a bumpy road
with speed around 0.5 m/s. For lower chassis height, the small
car has larger possibility to be stopped by the barriers on the
road without turning over and this probability is evaluated with
the sticking rate, which is the ratio between the number of stops
and the total test number. For higher chassis height, the small car
tends to turn over and is not stable, because the center of gravity
is high. This probability is evaluated with the overturning rate,
which is the ratio of the number of turning over and the total test
number. For each height, ten tests are performed to calculate
the overturning rate and sticking rate. Fig. 9(b) demonstrates
that higher chassis height results in higher overturning rate and
lower sticking rate and vice versa.

V. CONCLUSION

This article elaborated a nonlinear model of the SMP mor-
phing process. Compared with previous SMP models, the pro-
posed model focused on the dynamic recovery process. Since
the dynamics of the SMP morphing process was difficult to
model by physics, we used a data-driven modeling method to
identify the complex nonlinear model through experiments. The
contribution in this aspect was to select the proper signals to
reveal the hidden relationship between them. Implementation
of a closed-loop control for the 4D-printed SMP overcame
the inherent drawbacks of SMP. The control strategy enabled
this morphing process to be regulated precisely with arbitrary
shapes as expected. Compared with open-loop results, CL4DP
achieved precise final shapes through feedback control. Model
errors caused during the 4DP process were also investigated.
Precise and robust control results were observed. A self-sensed
heating unit was developed to provide a lightweight and easy-
to-implement heating source, which was not only essential for
this study, but could also be applied in other thermal stimulated
actuations.

A small car, structured by SMP, was printed and the height of
the center of gravity of the vehicle could be precisely controlled
to change its cross-obstacle ability. This demonstrated the fu-
ture application of our proposed model and closed-loop control
method.
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Some problems that are worthy to be further investigated in

the
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future research are concluded as follows.
1) System consistency. The SMP cannot always recover to
its original permanent shape as the number of repetitions
increases. The relationship between the recovery rate and
the repeated times along with other environmental factors
needs to be studied to build a more accurate model.
System linearity. As mentioned in the main content, the
system is not perfectly linear under different step inputs.
The exact model can be further built according to more
identification data. Advanced control strategy can be de-
veloped to realize better control precision and robustness.
3) New material development. The SMP recovery force is
normally small and hence limits its wider application.
New materials that offer large actuation force can be
investigated.
4) Applications. Practical applications contributing to the
production or medical usage will be explored.

2)
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