
Determining the appropriate combination of materials

Primitives with an active part length of 10 and 15 mm were 
printed at a printing speed of 15 mm/s. The self-transformation 
was tested in hot water �rst at 70°C and 80°C. At each tempera-
ture three primitives were tested. The results are given in Figures 
4 and 5.

Determining the optimal water temperature 

The primitives with combination of PLA and TPU90 thermoplastic 
materials were printed at printing speed of 22 mm/s. The length 
of active part was 15 mm. To determine the optimal temperature 
water heated to 60, 70, 80 and 90 °C was used. Results are pre-
sented in Figure 6. 

For a successful study of 4D primitives’ self-transformation we must 
ensure optimal printing conditions, select the appropriate combination 
of materials and the optimal temperature of the water as external stimu-
li. We found that in addition to printer calibration it is necessary to deter-
mine the appropriate printing speed, �ow and cooling rate of the mate-
rial. Since the active part of the primitive consists of two di�erent materi-
als it is important that the sandwich structure of materials is properly 
deposited and has achieved a good adhesion between the layers. The 
size of the transformation is also in�uenced by the passive material used 
on the active part of the primitive since it provides support during the 
transformation. We found out that the size of the transformation is in�u-
enced by the length of the active part of the primitive, the printing 
speed and the temperature of the hot water. A higher angle of transfor-
mation is achieved when the active part is longer and when the printing 
speed and the temperature of the water are higher. 
In our case, we can conclude that for quality and controlled transforma-
tion it is recommended to make primitives with a length of the active 
part of 15 mm, to use max. print speed 22 mm/s and hot water as exter-
nal stimuli at 70 °C. This is the basis on which we can make a mathemati-
cal model for predicting the primitives' self-transformation and a model 
for predicting the primitives' shape recovery.

The simplest options for 4D printing applications is the use of 
shape memory polymers, that are capable of thermal transforma-
tions.  [1] 

Shape transformation researches are often performed on 3D 
printed primitives with the active part on which the transforma-
tion occurs. For active parts, a combination of active and passive 
material is used. Active material shrinks when heated above its Tg 
and below its Tm. Passive material does not change its shape but 
serves as support for transformation into a speci�c direction [2, 3].

In order to control the transformation, it is important to properly 
prepare the material for printing. Polymers are hygroscopic [3, 4, 
5, 6], so the �laments must be dried before printing. 

The transformation depends on the residual stress created during 
the 3D printing. During the extrusion materials transition to a 
highly elastic state. The polymer chains are forcibly oriented in the 
longitudinal direction of the material �ow through the extrusion 
nozzle. As soon as material leaves the nozzle, it begins to cool and 
solidify, forcing the chains to maintain their rearranged state.   

When the 3D object is reheated above the Tg of the active materi-
al, the polymer chains begin to reorient back into their chaotic, or 
low energy mode, causing shrinkage along the printed direction 
and changing the shape of the 3D printed object [2, 3, 7, 8].

To control the described transformation, it is �rst necessary to 
optimize the printing conditions – printing speed [3, 7, 9] and 
speed of cooling [9].

Our research presents the most important parameters that we 
must optimize before and during the printing process. In this way 
we create good conditions for the study of the self-transformation 
of primitives, based on which we intend to establish a mathemati-
cal model to predict the level of the primitives' transformation.

The schematic diagram of our research is presented on Figure 1. 
Presentation of  4D primitives’ self-transformation and shape recov-
ery cycle of printed primitive were presented on Figures 2 and 3.
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Determination of primitives’ shape recovery 

Testing of primitives’ shape recovery response was performed on 
primitives immersed in hot water at 70°C. The length of primitives' 
active part was 15 mm. Firstly, the structures were subjected to 
four additional self-transformation cycles, i.e. they were heated 
and placed in a �at position, cooled and then immersed in hot 
water again to allow self- transformation. This process was repeat-
ed four times to increase the total number of transformation cycles 
to �ve. The results are visible in Figure 7.

Figure 4: Angle of transformation of the primitives’ (PLA/TPU80 
and PLA/TPU90) depending on time in hot water at 70 °C. The 
lengths of active part were 10 and 15 mm. Primitives were print-
ed at 15 mm/s.

Figure 5: Angle of transformation of the primitives’ (PLA/TPU80 
and PLA/TPU90) depending on time in hot water at 80 °C. The 
lengths of active part were 10 and 15 mm. Primitives were print-
ed at 15 mm/s

Figure 6: Angle of transformation of the primitives’ (PLA/TPU90) 
depending on time in heated water at 60, 70, 80 and 90 °C. The 
length of active part was 15 mm. Primitives were printed at 22 
mm/s.

Figure 7: Results of primitives’ (TPU90/PLA) shape recovery. Primitives 
were subjected to �ve self-transformation cycles in hot water at 70 °C.

Figure 1: Shematic diagram of research work�ow.

Figure 2:  Printed primitive and its self-transformation.

Figure 3: Shape recovery cycle of printed primitive; Phase 1 (left) – 
printed �at structure, Phase 2 (center) - self-transformation in hot 
water, Phase 3 (right) - transformation with force and hot water 
back into �at structure.

[1]Shie M.Y., Shen Y.F., Astuti S.D., Lee A.K.-X., Lin S.-H., Dwijaksara N.L.B. and Chen 
Y.-W., "Review of Polymeric Materials in 4D Printing Biomedical Applications", Poly 
mers (Basel), Vol. 11, No. 11, 17 p., 2019.

[2] Teunis v. M., Janbaz S. and Zadpoor A. A., „Programming 2D/3D shape-shifti 
with hobbyist 3D printers,“ Materials horizons, Vol. 4, No. 6, pp. 1064-1069, 2017. 

[3] Kačergis L., Rytis M. and Michael S., „In�uence of fused deposition modeling-
prcess parameters on the transformation of 4D printed morphing struc-
tures,“Smart Materials and Structures, Vol. 28, No. 10, p. 105042, 2019. 

[4] Ling T. W., Poh B. T., Ishak Z. A. M. and Chow W. S., „Characterisation of water 
absorption of biodegradable poly (lactic acid)/halloysite nanotube nanocompo 
ites at di�erent temperatures,“ Journal of Engineering Science, Vol. 12, p. p.13, 
2016. 

 [5] Mclouth Z. R. J., T. D., Ferrelli G. L., Patel D. N., Hopkins A. R. and Witkin D., 
„E�ect  of initial �lament moisture content on the microstructure and mechanical 
perfomance of ULTEM® 9085 3D printed parts,“ Additive Manufacturing, Vol. 24, 
pp.457-466., 2018.       

[6] Pilar V. A., Batista M., Salguero J. and Girot F., „In�uence of PLA �lament cond-
tions on characteristics of FDM parts,“ Materials, Vol. 11, No. 8, p. 1322, 2018. 

[7] João F., Deus A. M., Reis L., Vaz M. F. and Leite M., „Study of the in�uence of 3D 
printing parameters on the mechanical properties of PLA,“ 2018. 

[8] Uzir W. M., Hassan A., Ibrahim A. N., Zawawi N. A. and Kunasegeran K., „Mechan-
cal, thermal and chemical resistance of epoxidized natural rubber toughened pol-
lactic acid blends,“ Sains Malaysiana, Vol. 44, No. 11, pp.1615-1623, 2015. 

[9] Song R., Cassandra T. and GW W., „Material waste of commercial FDM printers 
under realstic conditions,“ In Solid Freeform Fabrication 2016: Proceedings of                                            
t he 26th Annual International Solid Freeform Fabrication 2016: Proceedings of the 
27th Annual International Solid Freeform Fabrication Symposium–An Additive     
Manufacturing Conference, pp. 1217-1229, 2016. 

REFERENCES

CONCLUSION

METHODS

INTRODUCTION RESULTS

STUDY OF 4D PRIMITIVES’ SELF-TRANSFORMATION


