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Abstract

Fused deposition modeling (FDM)-based 4D printing is a cost-efficient approach for manufac-
turing smart structures from thermoplastic filaments. During printing, pre-strain is stored in

the deposited lines and later released during thermal activation, causing shape change. While
printing parameters mainly influence shrinkage, even consistent process settings result in bend-
ing. This work investigates the thermal history during FDM-based 4D printing and its effect on
layer-wise pre-strain and shape change. First, the influence of nozzle temperature, printing speed,
part cooling fan, and build plate temperature on the cooling of a single printed line is quanti-
fied. Second, the thermal history of multilayer structures is examined using temperature and

time metrics for the thermal event during deposition (Tprint,maxAfprint,7>7,) and overprinting
(Treheat,max>Alreheat, 7> 1, )- Finally, the multilayer structures are thermally activated, and the shape
change is characterized using shrinkage and curvature, which indicate the pre-strain and its gradi-
ent across the specimen height. The multilayer structures shrink and bend. The curvature direc-
tion indicates higher pre-strain in the bottom layers. Thermal history metrics increase towards
higher layers, indicating more relaxation, which reduces pre-strain in the top layers. This indi-
cates that the thermal history has a decisive role in pre-strain formation. The reduction of the
nozzle temperature by 30° C causes a shrinkage increase of 8%-10% and a curvature increase of
25-30 m™!. Notably, activating the part cooling fan causes a shrinkage increase of 1%-2% and a
curvature decrease of 2-5 m™!, which is consistent with smaller changes in thermal history met-
rics. Furthermore, this study indicates that the relaxation strongly depends on variations in printer
design, process parameters, or material. Consequently, modifications that alter the polymer melt’s
flow, heat transfer, thermal capacity, or viscoelastic relaxation affect the shrinkage and curvature.

1. Introduction

4D printing extends additive manufacturing (AM) by enabling the fabrication of smart structures
that change their shape or functional properties over time in response to external stimuli [1]. By uti-
lizing smart materials in AM, technology has evolved from static structural parts to dynamic smart
structures. The dynamic smart structure undergoes a programmed transformation when exposed to

a specific stimulus, typically an environmental change [2] or an intentionally applied field [3], whose
nature depends on the underlying material system. Reported stimuli include temperature [4, 5], light
[6, 7], ultraviolet radiation [8], infrared radiation (IR) [9], moisture [1, 10, 11], magnetic fields [12]
and electric fields [13]. These activation mechanisms enable applications across healthcare, aerospace,
soft robotics, electronics, photonics, and the construction industry [14]. To support such applications,
various AM techniques have been adapted for smart materials, including material extrusion [15], vat
photopolymerization [16], powder bed fusion [17, 18], binder jetting [19], and material jetting [1, 20,
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Figure 1. The FDM-based 4D printing process (a) relates to the shape-memory cycle (b) [28]. (a) and (b) Reproduced from [28].
CC BY 4.0.

21]. Despite rapid progress over the past decade, key challenges remain in improving the precision,
repeatability, and controllability of smart structures, as well as in developing predictive mathematical
and theoretical models to explain the physical mechanism, reducing experimental efforts [14, 22].

Fused deposition modeling (FDM) has emerged as a promising process for 4D printing because it
supports a broad range of thermoplastic and composite materials, is straightforward to operate and
modify, and remains a low-cost AM technology [14]. Nevertheless, FDM also presents notable limita-
tions for smart-material fabrication, including relatively low resolution, diversity across printer designs,
and the fact that most commercially available systems were originally developed for producing static
components rather than stimuli-responsive structures. Despite these constraints, the accessibility and
affordability of consumer-grade FDM systems make them the most widely adopted technology for exper-
imental 4D printing [14]. Ongoing developments specifically design shape memory polymers for 4D
printing [23-26], but commercially available Polylactic acid (PLA) has been shown to be a cost-efficient
material for creating smart structures using FDM-based 4D printing [27]. Although PLA is not a com-
mon smart material, its temperature-sensitivity qualifies it as a smart material in a broader sense. The
printing process creates the temporary shape, but printing parameters can be used to program a pre-
strain, ultimately controlling a shape change upon reheating [27]. However, these process dependencies
are complex, underscoring the need for generalizable investigations of the physical quantities.

FDM-based 4D printing is similar to the programming step in the thermo-responsive shape-memory
cycle [15, 29-32], as illustrated in figure 1. During printing, the cold filament (0) is fed into the noz-
zle, where it is heated (1). The material is then extruded and deposited onto the build plate, where the
material experiences shear and elongational flows that orient the polymer chains, leading to a pre-strain
in the printed line (2). After deposition, it rapidly cools and solidifies (3). This rapid cooling fixes this
non-equilibrium conformation by reducing the molecular mobility below its transition temperature,
thereby storing the pre-strain within the molecular structure. When removing the part from the build
plate, the smart structure remains in its temporary shape (4). Reheating it above its transition tempera-
ture (5) causes shape transformation from the temporary to the permanent shape.

The fundamental difference between FDM-based 3D printing and 4D printing lies in the process
control. In standard 3D printing, the pre-strain is minimized because the extruded material cools rel-
atively slowly, allowing molecular relaxation toward the equilibrium state. As a result, the printed part
exhibits little or no shape change when reheated. In contrast, 4D printing intentionally seeks to retain
a controlled level of pre-strain. This requires a reproducible non-equilibrium state generated during
extrusion and deposition, and suppressing relaxation during cooling. These opposing process objectives
demonstrate that temperature-dependent relaxation has a decisive influence on the stored pre-strain,
underscoring the central importance of the material’s temperature history.

Printing parameters are widely recognized as the primary factors influencing the amount of pre-
strain [4]. However, even when identical settings are used for the entire print, the resulting shape change
indicates a pre-strain gradient across layers. This gradient arises from variations in deposition conditions
that affect cooling rates and reheating of each deposited line, thereby creating a location-dependent ther-
mal history. Bodaghi et al identify several parameters that shape this thermal history, including the build
plate temperature, material and surface roughness, the printing speed, nozzle temperature, and interlayer
delay time [15]. Several studies have reported that upper layers store more pre-strain [15, 29, 30, 33-35],
attributing this to greater relaxation in the lower layers due to reheating during subsequent deposition.
In contrast, other researchers have found higher pre-strain in the lower layers [32, 36],. Their results
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suggest that lower layers cool faster and transfer heat more effectively to the build plate, thereby sup-
pressing relaxation and increasing pre-strain. Despite the different results, all studies point to the decisive
role of the thermal history. Consequently, characterizing the thermal history is promising to control pre-
strain.

Although thermal history is a process-level indicator of the layer-wise inhomogeneity, the physical
mechanism is the temperature-dependent relaxation of the polymer. Relaxation originates from molecu-
lar mobility, where macromolecules gradually rearrange toward their equilibrium through mechanisms
such as segmental motion and reptation [37, 38]. Classical viscoelastic models, such as Maxwell and
Kelvin—Voigt models, capture relaxation and creep but remain simplified. Because relaxation accelerates
strongly with temperature, Williams, Landel, and Ferry (WLF) established the time-temperature super-
position principle and the associated WLF equation. In this relationship, the relaxation time significantly
decreases as the temperature exceeds the glass transition temperature [39]. Direct measurement of relax-
ation during printing is difficult due to the process dynamics and repeated reheating of deposited layers.
Consequently, monitoring the thermal history provides a practical indirect method to investigate relax-
ation differences and improve our understanding of pre-strain storage.

Previous studies investigated the thermal history during FDM printing, primarily focusing on the
quality of 3D-printed parts [40—44]. However, the experimental and numerical focus has not been on
the pre-strain, which is relevant for 4D printing. Therefore, these insights provide the theoretical founda-
tion for our study.

The line-based nature of FDM creates three distinct thermal scenarios: (i) cooling of a line immedi-
ately after extrusion, (ii) reheating of adjacent lines within the same layer, and (iii) reheating of previ-
ously deposited underlying layers. The cooling behavior of an extruded line typically follows an exponen-
tial decay, starting at a peak temperature near the nozzle temperature and approaching either the build
plate or ambient temperature over time [40, 41, 44—48]. Reheating of adjacent lines primarily raises the
temperature in the contact region between them, after which both lines cool together [49]. Similarly,
deposition of a new layer reheats the underlying layer, causing a temporary temperature rise and subse-
quent joint cooling of the two layers [41, 45-48].

IR thermography is a contact-free alternative to embedded sensors, avoiding process disruptions, flow
alterations, and added thermal mass. Instead, it determines surface temperature by detecting thermal
radiation [50]. IR imaging provides continuous spatial and temporal temperature fields and has therefore
proven valuable for process monitoring [40, 48, 49]. However, it is limited to the object’s surface temper-
ature and cannot detect its internal temperature. Depending on the camera orientation, IR thermography
has been used to investigate interlayer bonding from side-view configurations [40, 48] and adjacent-line
interactions from bottom-view setups [49], offering intra- and inter-layer perspectives on thermal behav-
ior. Overall, IR thermography is an effective method for capturing the spatial and temporal temperature
evolution during FDM printing, yet it has not been applied in the 4D printing process.

The main objective of this work is to provide a systematic link between a structure’s thermal history,
stress relaxation, and pre-strain, through an experimental investigation of process and shape change.

The author’s previous study found that the relationship between printing forces and shape change is
not unique, indicating the relevance of the thermal history [32]. In the process, the printing force in
the x-direction is measured using a force sensor below the build plate. Additionally, the temperature is
measured using IR thermography. The thermal history and its key characteristics suggest differences in
stress relaxation across the print. The shape change upon thermal activation is an indicator of the pre-
strain. Although pre-strain gradients have been previously attributed to differences in thermal history
and consequent relaxation, empirical evidence has been lacking. Therefore, this study provides valuable
contributions in three sections:

1. cooling behavior of single extruded lines (section 3.1),
2. cooling and reheating dynamics in multi-layer 4D structures (section 3.2), and

3. the resulting shape changes of multilayer 4D structures (section 3.3).

2. Materials and methods

This experimental study focuses on two experiments. In the first experiment, the cooling behavior of a
single line was characterized. Four parameters were varied on three levels to determine their influence on
single-line cooling. In the second experiment, the temperature and printing force were measured during
printing multilayer structures. Indicators were defined to characterize the thermal history, focusing on
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Figure 2. Printing setup with a detailed view of the printing head and a force sensor mounted underneath the build plate (a).
Side-view positioning of the IR camera in front of the printer (b) allows for filming the printing of a line horizontally (c). The
total width of the IR image spans a horizontal distance of 22 mm (1 px = 0.0344 mm). (a)—(c) Reproduced from [28]. CC BY 4.0.

two thermal events, cooling and reheating. These multilayer structures were activated, and the stimulus-
induced shape change was quantified. The thermal history, printing forces, and shape change were then
used to discuss stress relaxation during the manufacturing process of 4D structures.

2.1. Experimental equipment

In this investigation, a Voron V0.1 3D printer configured in a CoreXY arrangement, equipped with a
bowden extruder, an e3Dv6 hotend, and a 0.4 mm nozzle, was used. The printer head has three fans.
The extruder fan cools the hotend, the two part-cooling fans direct airflow towards the printed part, see
figure 2(a). The g-code for all specimens in this investigation was prepared with PrusaSlicer. To measure
printing force, the build plate was mounted on a three-axis force sensor (K3D40 10 N, ME-Messsysteme,
Germany) with a nominal load capacity of £ 10N and an accuracy class of 0.5, representing a compro-
mise between robustness and sensitivity. The sensor output was processed via a GSV-8DS SubD44HD
measurement amplifier (ME-Messsysteme, Germany) and recorded using the GSVmultiChannel soft-
ware at a sampling rate of 200 Hz. To minimize external disturbances, the entire setup was placed on a
vibration-isolated table.

The temperature monitoring was carried out using an IR camera (TIM 640 VGA, Micro-Epsilon,
Germany) equipped with a microbolometer detector. The camera was positioned in a side-view in front
of the 3D printer, as seen in figure 2(b). Note that the IR measurement is limited to surface tempera-
tures only, but does not capture internal temperatures. The optical setup consisted of a microscope lens
with a focal length of 44 mm, providing a field of view of 12° x 9°. Thermal radiation in the spectral
range of 7.5-13 um was detected by the IR camera operating at a frame rate of 125 Hz. The recording
was conducted in partial image mode with a spatial resolution of 640 x 120 px (full-frame resolution:
640 x 480 pixels), while the temperature measurement range was set to 0° C-250° C. The system accu-
racy is specified by the manufacturer as = 2°C or £ 2% of the measured value, whichever is greater.
Camera configuration, video recording, measurement field positioning, and subsequent video evaluation
were handled using the thermoIMAGER TIM Connect software. The image scale was calibrated using a
metal ruler, see figure 2(c), resulting in a distance-to-pixel ratio of 0.0344 mm/px. The printing direction
was perpendicular to the camera’s line of sight, so that both the printed line and the first line of a layer
for the multilayer structure crossed the image horizontally from right to left.
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Figure 3. The emissivity is varied for the analysis of the IR measurement (specimen 9 of series TN210-TB30-V50-B0). Decreasing
emissivity increases the calculated temperature. The emissivity was calibrated using reference measurements with a thermocouple
for T, = 190, 210, and 230° C. The results are shown in table 1.

Table 1. Emissivity of the PLA melt, calibrated for the experimental setup.

Set temperature T, Nozzle tip temperature

(Slicer) (actual) Effective emissivity
190 °C 159.9 °C 0.649
210°C 175°C 0.676
230°C 194°C 0.696

Table 2. Properties of BASF Ultrafuse PLA filament.

Material properties Value Standard
Glass transition temperature Ty 61°C/ 142 °F ISO 11357—-3
Melting temperature Tp, 151 °C/ 304 °F ISO 11357—3
Density p 1248 kgm =3 1SO 1183—1
Melt volume flow rate V' 2.12 cm® min ™! 1SO 1133

IR temperature measurements are sensitive to the emissivity of the object being measured, because
it defines the conversion of thermal radiation into temperature, see figure 3. The emissivity of an object
primarily depends on its material properties and surface characteristics. In theory, PLA has an emissiv-
ity of approximately 0.9, which is typical for many plastics [51-53]. However, in this study, the object
of interest was the molten filament immediately after extrusion. Its smooth, glossy surface reduced the
effective emissivity. Therefore, emissivity was determined by measuring the temperature at the nozzle tip
with a type-K thermocouple. This approach was used by Ferraris et al who determined an emissivity of
0.78 at a material temperature of 60.4 °C [45].

The underlying assumption to calibrate the emissivity was that the measured temperature at the noz-
zle tip corresponded to the temperature of the filament as it exits the nozzle. The emissivity setting of
the IR camera was then adjusted to match the IR-measured material temperature to the thermocouple-
measured nozzle-tip temperature. This was carried out for three different nozzle temperatures between
190 °C and 230 °C (table 1), which covered the range of the nozzle temperature used in the experi-
ments. The effective emissivity was set to 0.675 and kept constant for the investigation.

2.2. Material
In this research, Ultrafuse PLA filament (BASE, Germany) (T, = 61 °C) with a diameter of 1.75 mm was
used. Table 2 represents an extract of the material properties from the datasheet.
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Table 3. Printing parameters for single-line experiments.

Printing parameter Value

Nozzle temperature T, 190, 210, 230 °C

Build plate temperature Ty, 30,40 °C

Print speed v, 20, 50, 80 mm s !

Fan speed B 0, 50, 100%

Layer height hy, 0.2 mm

Extrusion width wy, 0.45 mm

Example parameter-set TN190-TB30-V20-B0
1 80 T T T T T

T {] - ————— TN210-TB30-V50-B100

160 TN210-TB30-V50-B0

140

120

Tkink

Temperature T' (°C)

60

end

Time t (s)

Figure 4. Cooling curves of specimens printed with the cooling fan at 100% (B100) and with the fan off (B0O) recorded at a frame
rate of 125 Hz. With the fan off, the curve shows a smooth decay and a higher starting temperature. With the fan on, the curve
exhibits a distinct kink after 0.31 s (equivalent to 15.5 mm from the nozzle), which divides the curve into two regions. In this
case, the starting temperature Ty is lower.

2.3. Method for parameter-dependent cooling

The first experiment focused on the parameter-dependent cooling of a single line. The single-line spec-
imen had the dimensions: 80 x 0.45 x 0.2 mm® (w X d x h). Before each specimen, a prime line
was printed to create a quasi-static extrusion. Four printing parameters were varied: nozzle tempera-
ture Ty, build plate temperature Ty, printing speed v, and part cooling fan speed B. The influence of the
printing parameters on the cooling behavior was investigated in a full factorial experimental design. The
design was chosen to avoid confounding effects from printing parameters and to determine interactions.
The experimental design resulted in 54 specimen series, with each series printed 10 times, allowing for
statistical evaluation. The levels of the printing parameters are shown in table 3.

Temperature measurement setup. The temperature of a single printed line was recorded using 16 digital
measurement fields, every 2 x 20 pixels in size. The measurement fields were arranged horizontally along
the printed line, see figure 2(c). For each measurement field, the maximum temperature over time was
recorded. The 16 cooling curves were shifted in time to align. This is based on the observation that the
16 measurement fields record the same cooling curve. By calculating the arithmetic mean, the cooling
of a specimen is determined. Each series contains 10 specimens, combined into a single cooling curve
per series. In summary, the average cooling curve of a single specimen was derived from 16 spatially dis-
tributed measurement fields, and the average cooling curve of a series was obtained from 10 specimens.

Characterization and curve fitting. The resulting cooling curve was characterized by four points, see
figure 4. Ty is the maximum recorded temperature directly after extrusion. Teng is the temperature
recorded 2.15s after extrusion but is inequal to the asymptotic temperature T,. This value was selected
to ensure a consistent time window within the quasi-exponential cooling regime while avoiding late-stage
measurement errors from the nozzle passing behind the printed line. Furthermore, each deposited line is

6



10P Publishing Smart Mater. Struct. 35 (2026) 065039 P Herder et al

Table 4. Printing parameters for multi-layer 4D structures.

Printing parameter Value

Nozzle temperature T, 200,230 °C

Build plate temperature Ty, 40°C

Print speed v, 50, 80 mms~!

Fan speed B 0, 100%

Layer height hy, 0.2 mm

Extrusion width wy, 0.45 mm

Example parameter-set TN200-TB40-V50-B0

reheated by adjacent or overlying lines, making T, a theoretical value rather than a practically attainable
condition in multilayer structures. All specimen series with an activated cooling fan showed a kink in the
cooling curve, see figure 4. By calculating the maximum of the second derivative, the kink was located.
Tkink and fignk are the temperature and time of the kink, respectively. This kink resulted from the fan’s
design, which provided effective cooling within approximately 15mm of the nozzle. Beyond this range,
the increased cooling effect disappeared.

The cooling behavior was modeled using a first-order exponential decay function (equation (1)). The
model assumes spatially uniform temperature, constant effective thermal properties, and convective cool-
ing to a constant ambient temperature. Radiative effects were neglected. Santos et al used a similar ana-
lytical approach, but with Euler’s number as the exponential basis [54]. Although their decay term used
Euler’s number (e) as the basis, it is interconvertible with our decay factor 5. The model is valid only
over time intervals with approximately constant cooling conditions. Therefore, for active cooling (B100,
B50), only the fan-influenced region was fitted until #,K, whereas for inactive cooling (B0), the entire
cooling curve was used. Characterizing the cooling curve simplified the effect of printing parameters on
the cooling curve and enabled a quantitative comparison of different printing conditions.

T(t) = Tend + (Tstart - Tend) ﬂt~ (1)

2.4. Method for parameter-dependent thermal history

The second experiment focused on the thermal history of a multilayer structure. The multilayer 4D
structure consists of 6 layers and has the dimensions of: 40 x 15 x 1.2 mm ™ (w x d x h). The
layers were printed in the x-direction, starting each layer in the front right corner of the build plate.

Before each print, the build plate was automatically mapped, using the nozzle as a tactile probe
for consistent distance between them (Klipper: BED MESH CALIBRATE). Each print started with three
skirts to ensure quasi-static extrusion conditions. This routine was observed to reduce variation, thereby
improving data quality.

Due to the higher experimental effort for multilayer structures, a reduced DOE was applied, focusing
on nozzle temperature Ty, printing speed v, and part cooling fan speed B (2 levels each, 8 combina-
tions). The build plate temperature Ty, layer height Ay, and extrusion width w; were kept constant. The
lowest printing speed was omitted due to its limited practical relevance. Nozzle temperature levels were
slightly adjusted to ensure stable processing of multilayer structures. The highest nozzle temperature was
maintained for comparison (230 ° C). Each parameter set was printed 10 times in randomized order.
The parameter variations are summarized in table 4.

Temperature measurement setup. The temperature of a multilayer structure was recorded at three mea-
surement points on the camera-facing side of each layer, forming a 3 x 6 grid. The measurement point
was 1 x 1 px, ensuring that layer temperature was measured, rather than the bonding region between
layers. The three measurement points per layer allowed a statistical assurance of the measured tempera-
ture for each row of the grid.

The setup measured the 18 Temperatures continuously, but the focus was on the newly extruded and
the overprinted line, see figure 5(a). Immediately after deposition (# = #,), heat conduction started to
transfer heat to colder areas, resulting in a temperature gradient at the time #;, as shown in figure 5(b).
Simultaneously, convective heat transfer from the ambient air caused the part to cool. The convective
heat transfer causes the line to approach near-ambient temperature at the time t,.

The raw data needed segmentation due to the CoreXY printer design. The position of the IR camera
remained stable while the build plate lowered as the layers increased. After a layer change, the measure-
ment continued in the subsequent row of the measurement grid. The first row of the measurement grid
always recorded the cooling of the newly printed line. Segmentation and rearrangement of the data were
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Figure 5. Visualization of the extrusion process of layer 3 (a). IR measurement of a multilayer object. The deposited material
introduces heat into the object, which is transferred to the underlying layers and the environment until the object reaches equi-
librium with its environment (b). Temperature curve of the layers extracted from the measurement points with an interlayer time
A tinger 0f 20.58 s (¢).

based on the temperature peaks during deposition. Print head movements behind the first line resulted
in smaller peaks in the cooling curve. These measurement errors were filtered in post-processing. The
measurement grid provided three temperature curves per layer, which were averaged to one temperature
curve per layer for each specimen. The layer temperatures of 10 specimens were averaged to one temper-
ature curve per series.

The thermal history was characterized by four indicators that were determined from the newly
printed layer Tpin: and the reheated layer Trehear, See figure 5(c). Tprin,max Was the maximum
Temperature of Tprint- Afprint, 7>7, Was defined by the time interval from the time of maximum tempera-
ture until Tyin decreased below Tg. Treheat,max Was the maximum temperature of Treheat- Atreheat, 7>7, Was
the time interval from the time where Tiepea exceeded T until it cooled below.

The temperature measurement should provide insight into the premature relaxation of process-
induced stresses when printing subsequent layers on top and reheating the underlying layer. Therefore,
not only the maximum temperature but also the duration above the glass transition are relevant.

Signal processing for force measurements. A low-pass filter with a passband frequency of 15Hz was
applied to reduce noise and vibrations in the raw force signal caused by the printer’s fans and motors.
Negative spikes of the force signal in the z-direction marked the layer change, due to the inertia of the
build plate. A change of sign of the signal in the printing direction marked the start and end points of a
line. To calculate the printing force for a single line, the mean value of the inner 80% was taken, ensur-
ing that acceleration-induced spikes at the beginning and end of each line were excluded. Force data
processing resulted in a singular mean force F for each line. First, the force was determined for each line
and subsequently averaged over all lines and layers to obtain the mean programming force of the entire
structure.

2.5. Activation setup and shape measurement

After printing the multilayer structures, the samples were clamped in a fixture and immersed in a beaker
filled with glycerol for 10 min. The beaker was placed in a water bath of a thermostat (F12-MA from
JULABO GmbH, Germany), which maintained the glycerol at 90 °C. This experimental setup kept the
glycerol temperature in the beaker constant, eliminating disturbances from the water circulation. The
activation parameters are shown in table 5.

The initial length of the central fiber l, was measured to verify printing accuracy. After activation,
the specimens were photographed and analyzed in Fusion360. Images were acquired with a fixed, perpen-
dicular camera setup using a planar macro lens (ZEISS Milvus 100 mm). The specimen and reference
scale were positioned in the same plane to minimize perspective and distortion effects. The resulting
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Table 5. Activation parameters.

Parameter Value
Activation medium Glycerol 99.8 % PF
Glycerol density 1.263 - 1.265 gcm =3
Activation temperature 90° C
Exposure time / dwell time 10 min

Temporary shape

Permanent shape

Figure 6. Thermal activation causes the 4D structure to change shape. The specimen shrinks along the central fiber and bends
towards the build plate. The optical measurement points are placed on the central fiber to quantify the shape regarding length
(1, ly) and bending radius R.

measurement uncertainty is estimated to be on the order of £ 0.1 mm. For each specimen, the length
of the central fiber / in the permanent shape was measured using a five-point spline fit, as illustrated in
figure 6. Additionally, the specimen showed a bending response, with consistent curvature in the speci-
men’s center. However, curvature changed towards the edges, which can be attributed to acceleration and
deceleration during printing and clamping during activation. Therefore, a partial circle, optically measur-
ing the radius R, was placed in the center section with consistent curvature.

The shrinkage strain was calculated by using the length of the central fiber of the structure before
(lp) and after (I) the activation, see equation (2).

_ ZOZ_ l. 2)
0
The curvature was calculated from the optical measured radius R (equation (3)).
1
=_. 3
=z (3)

3. Results and discussion

Printing parameters affect the thermal history and the pre-strain in a 4D structure. Here, both their
influence on the temperature evolution and on the resulting shape change are analyzed, and the
experimental observations are discussed considering the underlying physical mechanisms. Therefore,
the parameter-dependent cooling of a 4D line (section 3.1), the thermal history of a 4D structure
(section 3.2), and the resulting shape change of a 4D structure (section 3.3) are presented in three
subsections.

3.1. Parameter-dependent cooling of a 4D line

A single printed line does not form a complete 4D structure, but it is its smallest element and drives the
shape change. The thermal evolution is quantified using equation (1) to characterize the cooling curve,
which leads to the characteristics defined in section 2.3 (T, 5, and Tenq). The printing parameters are
varied to determine the main dependencies:

Titart :f(?) B :f(?) Tena :f(?)

3.1.1. Start temperature Tay

The starting temperature Ty, is primarily determined by the nozzle temperature T;,, with secondary
influences from the printing speed v, and the part cooling fan speed B, while the build plate tempera-
ture Ty, has no significant effect (see figure 7 and table S2).
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Figure 7. The printing parameter T, is the dominant factor influencing the start temperature Tgr. The printing speed v, and
fan speed B have a minor effect on Tiar, while the influence of the build plate temperature Ty, is negligible.

Titare has a linear relationship with T,. Increasing the nozzle temperature setpoint causes the control
system to supply more power to the embedded heater cartridge, increasing the thermal energy trans-
ferred to the filament and resulting in a higher recorded Tiyt.

Increasing v, leads to a nonlinear decrease in Ty, with the largest effect observed at low v, values.
This behavior is attributed to the time-dependent heat transfer between the hotend and the filament. At
higher material flow rates, the residence time of the filament within the hotend decreases, reducing the
thermal energy transferred to the filament. Additionally, the increased material throughput acts as a heat
sink. As a result, heat is removed from the nozzle, thereby also reducing Tii,+.

The part cooling fan speed B is inversely proportional to Ty, although its effect is minor com-
pared to that of the nozzle temperature T),. This behavior is due to the fan design, which directs airflow
towards the nozzle from both sides and enhances convective heat dissipation. The heater cartridge acts as
a localized heat source, while heat is simultaneously dissipated to the surroundings. Higher part cooling
fan speeds B increase convective cooling of the nozzle tip, resulting in a lower Ty

The limitations of the experimental setup must be considered, such as measurement accuracy
(£ 2°Cor £ 2%) and frequency (125 Hz). Printing parameters with only a minor influence on Ty,
such as the part cooling fan speed B, are affected by the accuracy because the measured differences are
small. Nevertheless, the influence of B is significant. The measurement frequency cannot capture ther-
mal events shorter than 0.0165s, limiting the evaluation of v,. To counter this measurement error, the 16
measurement fields were used and averaged within a print. Consequently, Ty, v;, and B show significant
effects on Ty, (table S2).

3.1.2. Cooling factor 3

The cooling factor g is primarily affected by the fan speed B, while no significant influence of the nozzle
temperature T}, and the build plate temperature T;, was observed. The printing speed v, affects 3 only
when the fan is active.

Increasing the part cooling fan speed B leads to a decrease in the cooling factor 5, across all printing
speeds v, (figure 8). Primarily, the fan increases convective heat transfer and thus accelerates cooling.
Secondarily, increased heat conduction from the line’s core to the surface is implied by a colder surface
temperature, creating a steeper internal temperature gradient. Although the part cooling fan is effective
in improving cooling, its effect is spatially limited to a nozzle distance of 15 mm.

A decrease in 3 with higher printing speed v, is observed only when the part cooling fan is active,
which is shown in the interaction plot in the supplementary material figure S2. At higher v, the smaller
temperature drop Tieart — Tkink results in smaller fitted values of 5. When the part cooling fan is acti-
vated, f is fitted only up to the kink time f#,. With higher v, the time domain shifts from about 0.75s
at 20mms~! to 0.19s at 80 mm s~'. Therefore, the effect of Vp Temains uncertain.
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consistently decreases with increasing fan speed B across all investigated print velocities vp.
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Figure 9. Boxplot illustrating the influence of the build plate temperature T, on the final measured temperature Teng. Tend rep-
resents the temperature measured 2.15 s after extrusion. The results indicate a positive relationship, where Tenq increases with
increasing T;,. The notch on each boxplot visualizes the 95% confidence interval for the median.

Although the ANOVA in table S3 proposes significant effects of B and v,, the shifted time domain
for v, reduces the reliability of the term. In summary, B is the significant and physically explainable
parameter influencing .

3.1.3. End temperature T,y

The end temperature Tenq is primarily influenced by the build plate temperature Ty,. Nozzle tempera-
ture T, and part cooling fan speed B only exert small effects (see table S4). No significant influence of
the printing speed v, was observed.

Figure 9 shows that T,q increases with increasing build plate temperature Ty, based on the compar-
ison of median plateau values. The notches in the boxplots indicate the 95% confidence intervals for the
medians. The non-overlapping intervals demonstrate a significant influence of Tj, on Teng. This propor-
tional relationship is expected, as the build plate is in direct thermal contact with the printed line.

The effects of T, and B are comparatively minor, as shown in the Supplementary material in
figure S3 and table S4. Increasing the nozzle temperature leads to hotter extrusion and retains thermal
energy for a longer duration, resulting in a slightly higher T.nq. Conversely, increasing the part cooling
fan speed B slightly reduces Tenq by enhancing convective cooling.

Although the effects of T,, and B are considered significant in the ANOVA (table S4), their signif-
icance is limited by the IR camera’s accuracy (£ 2° C). The effect of T,, on Tepq is greater than the
accuracy limitation, supporting its relevance. The effect of B on Tepq is equal to the accuracy limitation,
reducing its relevance. Therefore, the main influencing factor on Teyq is Ty, with small but significant
effects of T,,.

In summary, the parameters of equation (1) are influenced by the printing settings, with the
main dependencies outlined below. The corresponding main-effect plot of the printing parameters
on the characteristics is presented in the Supplementary material, see figure S1. Also, the data for the
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Figure 10. Thermal history of a multilayer structure during printing (v, = 80mms™!, A fiyer = 20.585) as a function
of layer; (a) visualization of cooling behavior during printing (b) visualization of reheating behavior of the underlying layer
(c) cooling time above Ty (d) reheating time above Ty (e) extrusion temperature (f) maximum temperature recorded of the
underlying line.

characteristics of the cooling curve for the parameter-dependent cooling of a 4D line is listed in the
Supplementary material, see table S1.

T(t) = Tend+ (Tstart - Tend) ﬁt
Tstart :f(Tn) B :f(B) Tend :f(Tb) :

3.2. Thermal history of a 4D structure

This section analyses the thermal history of the multilayer 4D structure. Upon extrusion, the material
starts cooling down, as discussed in the previous section 3.1. However, as long as the material tempera-
ture is above Ty, it exhibits increased molecular mobility, indicating an immediate start of stress relax-
ation. Stress relaxation is time- and temperature-dependent. Therefore, the maximum recorded temper-
ature Tprint,max and the cooling time Atin, 71, until the material temperature is below glass transition
(Ty = 61° C) during printing are evaluated, see figure 10(a). When the layer is overprinted, its temper-
ature increases due to heat transfer from the just extruded line. To consider implications for relaxation
events, the maximum reheating temperature Tyeheat,max and the duration above glass transition tempera-
ture Atrehear, 7>, are recorded, see figure 10(b). Even though the temperatures are not direct predictors
of stress relaxation, they are indicators of its dynamics.

Cooling time. Both the cooling time during printing as well as during reheating is strongly influenced
by the part cooling fan B. For all specimens, the cooling time during printing Afpyin, 7> 7, increases

with number of deposited layers (figure 10(c)). The dominant influencing factors are the part cooling
fan speed B and the nozzle temperature T),, whereas the printing speed v, shows only a minor effect,
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see figure S4 in the Supplementary material. Activation of the part cooling fan B significantly modi-
fies the qualitative trend of Atprim,r>Tg. Printing with a deactivated part cooling fan (B0) causes a lin-
ear increase of Afpin, 71, Over the layers. In contrast, activating the part cooling fan (B100) limits the
increase in Afpyint, 7>1,, consequently indicating more homogeneous conditions across the structure’s
height. Increasing T;, does not change the qualitative trend but results in a systematic vertical shift
toward higher Afpyin, 7> 1, values, indicating generally slower cooling.

The qualitative trends of Atiepeat, 7>1, are similar to those of Afpyin, 7>1, (figures 10(c) and (d)).
Atrehear, 7>, is predominantly affected by the part cooling fan speed B, while the nozzle temperature T,
has only a secondary effect.

Maximum temperature. The maximum temperature during printing Tprint,max is significantly influenced
by the nozzle temperature T;,, whereas the peak reheating temperature Tyehear,max is strongly affected by
the part cooling fan speed B.

The maximum temperature during printing Tprin;,max corresponds to the investigated characteristic
Tytare in section 3.1. For all specimens, Tprint,max iNcreases with the number of deposited layers, indicating
an increase of thermal energy within the structure. Tprine,max is strongly influenced by the nozzle temper-
ature T),, while the part cooling fan speed B shows only minor effects. Higher printing speeds v, result
in generally lower Tprint,max Values. The qualitative trends observed for the printing parameters T}, vy,
and B are consistent with the observations from the investigation of the cooling behavior of a single line.

The measured Tprint,max Values for the first layer are lower than the T values obtained in the
single-line investigation. In some cases, the recorded values of Tyrint,max Were even below the material’s
melting temperature T,,. This deviation is due to the limited resolution of the camera sensor. In the
single-line investigation, the measurement fields covered the entire layer height k. In contrast, for the
multilayer specimen, the measurement focused on the temperature of each layer. The measurement fields
are set in the center of the layer to avoid measuring the temperature in the bonding zone between two
layers. The measurement setup was kept consistent for all multilayer specimens. Despite the lower abso-
lute temperature values, the qualitative trends remain consistent with those of the single-line investiga-
tion in section 3.1.

During the cooling of the upper line, the underlying line is reheated. Treheat,max increases with the
number of deposited layer. Ticheat,max cOnsistently remains below the material’s melting temperature
(T,, = 151° C), implying that no remelting of the entire layer occurs, but only the layer boundaries fuse
together. The part cooling fan speed B has a stronger influence on Treheat,max than the nozzle tempera-
ture T\,. However, the overall qualitative trend of the temperature evolution remains almost unchanged
by one of those two printing parameters.

The measurement data show that the thermal behavior of the underlying line is strongly affected
by the part cooling fan speed B. When the fan is activated at B100, the heat introduced by the newly
deposited line is dissipated to the environment by convection. In contrast, when the part cooling fan is
deactivated (B0), convective heat transfer is significantly reduced, and more heat is transferred by con-
duction to the layer underneath. This shift in the heat transfer mechanism results in higher Treheat max
values and a change in the trend of Atreheat’DTg.

In addition, the data also indicate that the cooling time during printing, Afpin;, 7>1,, decreases signif-
icantly when the part cooling fan B is activated. This observation is consistent with the findings from the
single-line experiments, confirming the strong influence of convective heat transfer on the transient ther-
mal behavior. However, this statement cannot be transferred to other 3D printers, as the fan’s influence
depends on the printing head design.

In conclusion, all parameters are clearly influenced by B and T,. The part cooling fan speed B
mainly influences the parameter Atying 751, (figure 10(c)), Atrehear, 7>T, (figure 10(d)) and Treheat,max
(figure 10(f)) due to active cooling. The nozzle temperature T, primarily affects Tpin,max (figure 10(e))
by increasing the thermal energy of the extruded filament. In more general terms, the convective heat
transfer can be improved by active cooling, resulting in faster cooling during printing and reduced
reheating.

3.3. Shape change of a 4D structure

The activation process causes the 4D structure’s shape change from the printed, temporary shape to the
permanent shape, see figure 11(a). Shrinkage strain and curvature are the two characteristics that define
the 4D structure after the shape change. The printing force-strain and printing force-curvature diagrams
(figures 11(b) and (c)) divide the data points in four quadrants, which relate to the printing parameters
T, and v,.
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Figure 11. The experimental results show that the shape change is influenced by the investigated printing parameters. The shape
change is quantified using the shrinkage strain € and curvature x (a). The activation of the part cooling fan increases the shrink-
age strain (b). In contrast, the curvature is negatively influenced by the activation of the part cooling fan (c).

The printing parameters have a direct influence on the printing force Fyyin [28, 32]. For the printing
parameters presented in figure 11 here, the printing speed v, has the greatest influence on Fpyin, noz-
zle temperature T, has a minor influence, while the influence of the part cooling fan B on the force
is not determinable, which is consistent with Cerbe et al [28]. When increasing the printing speed by
30mms~!, the printing force increases by approximately 10—17 mN. By increasing the nozzle tempera-
ture T, the printing force decreases. The relationship between the printing parameters and the printing
force is consistent with previously published results [28, 32].

The activation results show more shrinkage for lower nozzle temperature T}, higher printing
speeds vp, and an activated part cooling fan B (figure 11(b)). The average shrinkage ranges between
4.20% (TN230-TB40-V50-B0) and 16.97% (TN200-TB40-V80-B100). The nozzle temperature T;, has
the greatest influence on the shrinkage. When T;, is increased by 30° C, the shrinkage reduces by approx-
imately 8%-10%. Increasing the printing speed v, from 50 to 80 mms~' increases shrinkage by 2%—4%.
Activating the part cooling fan B has the smallest effect, causing a shrinkage increase of 1%—2%.

The average curvature ranges between 3.99m™~! (TN230-TB40-V50-B100) and 46.51m™! (TN200-
TB40-V80-B0) (figure 11(c)). Similar to the parameter-dependency of the shrinkage, the curvature
increases with higher printing speeds v, and lower nozzle temperatures T, indicating greater pre-strain
inhomogeneity across the specimen’s height. However, curvature is reduced by activating the part cooling
fan B, indicating lower pre-strain inhomogeneity.

3.4. Discussion

It is observed that a similar printing force can lead to different shrinkages and curvatures (figure 11),
which is consistent with the authors’ previous study. The study implied that printing parameters mod-
ified the thermal history, leading to non-unique relationships between printing force and shrinkage.
Although the printing force is a process-level indicator of the flow resistance of the directional printing
process, it only implies a non-equilibrium state of the polymer chains. Similarly, the thermal measure-
ment is a process metric and only implies the relaxation speed, i.e. the speed towards the equilibrium
state. Section 3.2 showed that two events affect the layer temperature: deposition and overprinting. It
also indicates that both events contribute to the relaxation of residual stress and lower the amount of
recoverable shrinkage as discussed in section 3.2.

Printing parameters influence the shrinkage, indicating their influence on the residual stress state
before activation. During printing, the material is strained inside the nozzle and at the nozzle outlet,
resulting in a non-equilibrium state. The non-equilibrium state moves towards equilibrium due to relax-
ation. Below the glass transition temperature, the relaxation processes slow down considerably, freezing
the current state. Therefore, the frozen-in non-equilibrium state below Tg is here referred to as residual
Stress Ores.

The specimens’ curvature is caused by greater shrinkage in the bottom layers than in the top layers.
This also indicates higher residual stress in the bottom layers before activation (figure 12(a)). Notably,
higher temperatures and longer thermal events were observed for the upper layers, indicating more
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Table 6. Cross-WLF model parameters for zero viscosity based on Cerbe et al
[28]. Reproduced from [28]. CC BY 4.0.

Parameter Value

Zero viscosity at the reference temperature D, 2.0531 X 10* Pa-s
Reference temperature T.f 140°C

1st WLF coefficient A} 18.67

2nd WLF coefficient A, 222.8°C

relaxation. Although the momentary non-equilibrium state directly after deposition remains unknown,
the thermal history suggests that the specimens’ curvature is relaxation-driven.

The part cooling fan has significant effects on the process that warrant discussion. First, its activation
affects the thermal history by reducing the change in thermal events across layers, consequently indicat-
ing more homogenous relaxation. These results align with the reduction in curvature (x), i.e. a lower
gradient of shrinkage (Ve). Second, its activation results in a small decrease in temperature immediately
after deposition (Tprin,max). While this effect is small compared to the other thermal history metrics, it
still aligns with the increase in shrinkage observed during activation.

The thermal metrics imply a strong influence of the part cooling fan on taller structures. With an
activated part cooling fan, all thermal metrics show decreasing gradients in the upper layers, approaching
a limit value. Consequently, the thermal events are more homogeneous in the upper layers. However,
if the part cooling fan is deactivated, the time above T, increases linearly for deposition and reheating,
indicating more inhomogeneous thermal events across layers. These effects are expected to increase with
more layers. As a result, the part cooling fan is expected to have an even stronger influence on the layer-
wise pre-strain gradient in thicker structures.

Although quantitative modeling is not the aim of this study, relaxation dynamics of PLA are dis-
cussed using a previously published Cross-WLF viscosity model [28]. Here, the model’s temperature-
dependent zero viscosity is used to estimate the change in relaxation dynamics with increasing tempera-
ture (equation (4) and table 6). The characteristic relaxation time of a simple viscoelastic Maxwell model
is proportional to the zero viscosity (equation (5)),

Ay (T — T
Mo (T) =D -exp <—M) (4)

Toxn(T). (5)

The zero viscosity exponentially decreases with increasing temperature, see figure 12(b). Increasing
the material temperature by 10° C reduces the zero viscosity by a factor of 2. This suggests a similar
decrease in relaxation time, corresponding to a relaxation process twice as fast. In the context of 4D
printing, this indicates that higher nozzle temperatures increase the relaxation speed, thereby decreasing
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the efficiency of storing the non-equilibrium state during the manufacturing process. The temperature
measurements show that such high temperatures are reached only during deposition, not during over-
printing. This indicates that relaxation during initial cooling dominates in this study.

4, Conclusion

This work advances the understanding of temperature-induced stress relaxation in FDM-based 4D print-
ing by experimentally linking the thermal history during manufacturing to the shape change observed
due to activation. The results demonstrate that printer design plays a critical role in heat transfer. In
particular, the part-cooling fan governs convective heat transfer only within a limited spatial range, pro-
ducing a distinct kink in the cooling curve, as shown in section 3.1. Furthermore, enhanced convective
cooling reduces thermal history gradients in multilayer structures and thereby reduces inhomogeneous
stress relaxation along the specimen height, as discussed in section 3.2. While increased convective cool-
ing improves the predictability of shape change, its effect on inter- and intra-layer bond quality is yet to
be determined for 4D structures. Overall, these findings emphasize the importance of controlled cooling
strategies for predictable and reliable actuation in 4D-printed structures.

Within the scope of this study, stress relaxation during cooling was found to be more pronounced
than relaxation induced by reheating during subsequent deposition. Although this is consistent in this
study, the dominating effect changes with variations in the printer design, process parameters, or mate-
rial. Previous studies have identified build plate temperature, material and surface roughness, printing
speed, nozzle temperature, and interlayer delay time as influential parameters [15]. Building on these
findings, this work demonstrates that the final stored pre-strain is governed by the combined effects of
the initial pre-strain generated during extrusion, the thermal history, and the viscoelastic material prop-
erties. Consequently, any modification to printer design, process parameters, or material that alters poly-
mer orientation, heat transfer, and thermal capacity, or viscoelastic relaxation directly influences both
the magnitude of the stored pre-strain and its gradient along the specimen height.

The observed bending behavior provides a direct indication of the macroscopic gradient in layer-wise
pre-strain. For smart structures printed with nominally identical process parameters, the resulting pre-
strain gradient is attributed to the thermal history. Therefore, the thermal history can be used to increase
relaxation in the lower or the upper layers, effectively tuning the pre-strain gradient to achieve convex,
concave, or no bending responses. Importantly, these findings do not contradict the results reported by
Bodaghi et al [15] and Noroozi et al [30], but rather provide direct experimental evidence of a thermally
driven stress relaxation gradient underlying the observed bending behavior.

This work further identifies key design considerations for improving the controllability of FDM-
based 4D printing. First, enhanced part cooling reduces pre-strain inhomogeneity by limiting the time
the material remains above the glass-transition temperature T,. Consequently, strong and spatially uni-
form cooling across the build plate is advantageous. Second, the build plate has a pronounced influence
on the first layer, introducing a process-induced inhomogeneity. Creating thermal and surface conditions
at the build plate that resemble those formed by printed layers can improve consistency in heat transfer
and surface interaction. Third, inter- and intra-layer delay times exhibit a complex dependence on part
geometry, printing speed, and toolpath.

There are three future directions derived from this study. First, complementary modeling and sim-
ulating the thermal history of 4D printing would improve our understanding and support the current
experimental results with a theoretical basis. Second, effects that complicate the control of the thermal
history, such as inter- and intra-layer delay times, could be addressed through software. It is thought
that adapting slicing algorithms to incorporate controlled waiting times between layers and changing
the print sequence of adjacent lines are promising approaches. Third, a future experimental study of the
structural performance of 4D structures before and after activation could improve our understanding of
interactions between shape change performance and bonding quality.
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