
 

 

Dynamics of smart materials in high intensity focused 

ultrasound  field  

Aarushi Bhargava 

Dissertation submitted to the faculty of the Virginia Polytechnic Institute and State 

University in partial fulfillment of the requirements for the degree of 

 

Doctor of Philosophy 

In 

Engineering Mechanics 

 

 

Shima Shahab, Chair 

Eli Vlaisavljevich 

Nicole Abaid 

Raffaella De Vita 

Reza Mirzaeifar 

 

 

April 22, 2020 

Blacksburg, Virginia 

 

Keywords: high intensity focused ultrasound, shape memory polymers, piezoelectric, 

smart materials, acoustic nonlinearity, nonlinear dynamics, controlled drug delivery, 

ultrasound power transfer 

 

Copyright  © 2020, Aarushi Bhargava 



 

 

 

Dynamics of smart materials in high intensity focused 

ultrasound field  

Aarushi Bhargava 

ABSTRACT 

Smart materials are intelligent materials that change their structural, chemical, 

mechanical, or thermal properties in response to an external stimulus such as heat, light, 

and magnetic and electric fields. With the increase in usage of smart materials in many 

sensitive applications, the need for a remote, wireless, efficient, and biologically safe 

stimulus has become crucial. This dissertation addresses this requirement by using high 

intensity focused ultrasound (HIFU) as the external trigger. HIFU has a unique capability 

of maintaining both spatial and temporal control and propagating over long distances 

with reduced losses, to achieve the desired response of the smart material. Two categories 

of smart materials are investigated in this research; shape memory polymers (SMPs) and 

piezoelectric materials. 

SMPs have the ability to store a temporary shape and returning to their permanent or 

original shape when subjected to an external trigger. On the other hand, piezoelectric 

materials have the ability to convert mechanical energy to electrical energy and vice 

versa. Due to these extraordinary properties, these materials are being used in several 

industries including biomedical, robotic, noise-control, and aerospace.  



This work introduces two novel concepts: First, HIFU actuation of SMP-based drug 

delivery capsules as an alternative way of achieving controlled drug delivery. This 

concept exploits the pre-determined shape changing capabilities of SMPs under localized 

HIFU exposure to achieve the desired drug delivery rate. Second, solving the existing 

challenge of low efficiency by focusing the acoustic energy on piezoelectric receivers to 

transfer power wirelessly. 

The fundamental physics underlying these two concepts is explored by developing 

comprehensive mathematical models that provide an in-depth analysis of individual 

parameters affecting the HIFU-smart material systems, for the first time in literature. 

Many physical factors such as acoustic, material and dynamical nonlinearities, acoustic 

standing waves, and mechanical behavior of materials are explored to increase the 

developed modelsô accuracy. These mathematical frameworks are designed with the aim 

of serving as a basic groundwork for building more complex smart material-based 

systems under HIFU exposure. 
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GENERAL AUDIENCE ABSTRACT 

Smart materials are a type of intelligent materials that have the ability to respond to 

external stimuli such as heat, light, and magnetic fields. When these materials respond, 

they can change their structural, thermodynamical, mechanical or chemical nature. Due to 

this extraordinary property, smart materials are being used in many applications including 

biomedical, robotic, space, microelectronics, and automobile industry. However, due to 

increased sensitivity and need for safety in many applications, a biologically safe, 

wireless, and efficient trigger is required to actuate these materials. In this dissertation, 

sound is used as an external trigger to actuate two types of smart materials: shape 

memory polymers (SMPs) and piezoelectric materials.  

SMPs have an ability to store a temporary (arbitrarily deformed) shape and return to their 

permanent shape when exposed to a trigger. In this dissertation, focused sound induced 

thermal energy acts as a trigger for these polymers. A novel concept of focused 

ultrasound actuation of SMP-based drug delivery capsules is proposed as a means to 

solve some of the challenges being faced in the field of controlled drug delivery.  

Piezoelectric materials have an ability to generate electric power when an external 

mechanical force is applied and vice versa. In this study, sound pressure waves supply the 



external force required to produce electric current in piezoelectric disks, as a method for 

achieving power transfer wirelessly. This study aims to solve the current problem of low 

efficiency in acoustic power transfer systems by focusing sound waves.   

This dissertation addresses the fundamental physics of high intensity focused ultrasound 

actuation of smart materials by developing comprehensive mathematical models and 

systematic experimental investigations, that have not been performed till now. The 

developed models enable an in-depth analysis of individual parameters including 

nonlinear material behavior, acoustic nonlinearity and resonance phenomena that affect 

the functioning of these smart systems. These mathematical frameworks also serve as 

groundwork for developing more complex systems. 
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Chapter 1 : Introductio n 

1.1. Smart materials 

Smart or intelligent materials are engineering materials that respond to an external stimulus in a 

pre-determined controlled manner [1]. These materials can respond by changing their structural 

or material properties including change in shape, color, magnetic properties, thermal status, 

density, mechanical and radiation properties. The stimulus can be of chemical, thermal, 

magnetic, photo, electrical, and mechanical nature. Due to these extraordinary properties, smart 

materials are increasingly being used in a wide range of applications including wearable devices, 

biomedical purposes, space industry, as sensors and actuators in micro- and nano-

electromechanical systems, robotics, and environmental and structural engineering [1-5]. 

Based on the response and the external stimulus, smart materials can be of different types. For 

example, shape memory polymers and alloys change their shape due to change in elastic 

modulus in response to heat, light, as well as chemicals [6]. Piezoelectric materials generate an 

electric current on the application of external mechanical force and vice versa [7]. 

Electrorheological fluids consist of electro-responsive particles that change the rheological 

properties of the material including viscosity, and shear stress, in response to an external 

electrical field [8]. Magnetostrictive materials consist of a magnetic body that converts the 

energy applied from an external magnetic field into elastic energy and undergoes deformation 

[9]. Few other examples of such smart materials include thermochromic, thermotropic, 

thermoelectric, photovoltaic and magnetorheological materials, which are currently incorporated 
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in many objects used in daily life [10, 11]. This work primarily focuses on two categories of 

smart materials: shape memory polymers (SMPs) and piezoelectric materials. 

In recent years, shape memory polymers have received increased attention due to many 

advantages including biocompatibility, flexibility of mechanical properties, ease in 

manufacturing, low cost, light-weightiness and ability to undergo large changes in shape [12-14]. 

These polymers can be broadly categorized as photo-, chemo-, and thermo- responsive, based on 

the nature of external triggering mechanism. Based on their chemical structure, there are four 

classes of SMPs: class I, covalently crosslinked glassy thermosets; class II, covalently 

crosslinked semi-crystalline networks; class III, physically crosslinked glassy copolymers; and 

class IV, physically crosslinked semi-crystalline copolymers [12]. SMPs can undergo one-way 

and multi-way shape memory effect based on the width and the number of transition zones in 

their thermomechanical cycle. In one-way shape memory behavior, only one temporary shape 

can be attained. Whereas, in multi-way behavior, multiple temporary shapes can lead to the same 

permanent shape. A two-way shape memory effect is also seen where two different stimuli are 

employed to create a heating- cooling effect, thus attaining a reversible shape memory behavior 

[15, 16]. This work focuses on the glassy thermo-responsive SMPs exhibiting one-way shape 

memory effect. 

The other category of smart material explored in this work is piezoelectric material. The direct 

piezoelectric effect involves the polarization of the material and alignment of dipole moments, 

on the application of a mechanical force, while the reverse is true for the converse piezoelectric 

effect [17]. One of the most common piezoelectric material is PZT (lead-zirconate-titanate) due 
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to its large piezoelectric coefficient, easily tunable properties, and cheap availability [18]. With 

this unusual property, piezoelectric materials are used in many devices including biomedical, 

robotic, sensors, actuators, and energy harvesters. Dagdeviren et al. [19] used a stack of 

biocompatible piezoelectric actuator-sensor pairs to measure the mechanical properties of skin 

[7]. Piezoelectric induced electrical stimulation has been shown to motivate muscle cell 

differentiation by stimulating the functioning of transcription factors [20]. Piezoelectric materials 

also form the ideal choice for low power, portable, and small-sized energy harvesting devices, 

particularly for applications where use of conventional sources of energy is not possible. 

Ambient vibrations are the most common sources of energy for piezoelectric-based energy 

harvesters. Several works have investigated energy harvesting from oscillations of vibrating 

structures placed in turbulent wind and fluid flows [21-23]. Piezoelectric-based energy harvesters 

in wearable devices and biomedical implants have played a significant role in the advancement 

of healthcare industry [23-25]. 

1.2. Actuation mechanisms  

With an increase in the usage of smart materials, the need for a suitable external stimulus for 

actuation, without hindering the smart materialsô functioning, is crucial. For many sensitive 

applications such as in biomedical, space, and nuclear industry, use of a non-invasive and remote 

trigger is important. While many remote mechanisms such as electrical and magnetic fields, and 

light have been used to actuate different types of smart materials, they require presence of 

responsive particles in the material [26-29]. Such particles when not inherently present can 
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compromise the structural and chemical integrity of the material. Thus, a more compatible 

trigger is needed. In this work, acoustic actuation is investigated to fulfill this requirement.  

In biomedical industry, ultrasound has been in use for many years for several purposes including 

therapy, imaging, tumor ablation, lithotripsy, and bone healing [30-33]. These applications rely 

on thermal, mechanical, and gas cavitation effects induced by ultrasound. Focused ultrasound 

(FU) has also been used for drug delivery using sound responsive microbubbles, liposomes, 

emulsions, nanodroplets, and micelles [34-37]. Ultrasound has also emerged as one of the most 

promising methods to transfer energy wirelessly due to biological safety, high-frequency 

operation, long-distance transmission, and no electromagnetic losses in acoustic waves [38]. The 

concept of acoustic energy transfer has advanced many applications including wireless charging 

of biomedical implants, through-wall transmission, and wireless operation of sensors in 

automobiles, space and other remote locations [39, 40]. Graham et al. [41] used ultrasound 

power transfer (UPT) technique to facilitate data transmission (1-2 Mbps) and communication 

through enclosure walls of a naval vessel. Maleki et al. [42] designed an ultrasound powered 

micro-oxygen generator implant which can provide in situ tumor oxygenation. 

This dissertation aims to use high intensity focused ultrasound (HIFU) as a means to actuate and 

transfer energy to SMPs and piezoelectric materials. As compared to ultrasound generation from 

unfocused sources, FU enables concentration of energy in a tight focal spot. This localization of 

energy enables lower dissipation of energy to the surrounding and higher efficiency of the 

complete source-receiver system, as compared to systems having spherical or piston-like 

acoustic sources [43, 44]. 
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1.3. Outline of the dissertation 

This research broadly addresses two themes. First, ultrasound induced thermal actuation of SMPs 

(chapters 1-4) and second, focused UPT in piezoelectric receivers (chapters 5-6). Both these 

themes explore the fundamentals of acoustic wave propagation in heterogenous mediums, 

acoustic -structure interaction, and the consequent thermomechanical behavior of SMPs and 

electroelastic response of piezoelectric disks. Through experimentally-validated multiphysics 

mathematical frameworks, this work aims to provide an in-depth understanding of dynamics of 

smart materials in HIFU fields. 

In chapter 2, the concept of HIFU actuation of SMPs is addressed with the aim of introducing a 

novel mechanism to address the current challenges in the field of controlled drug delivery 

(CDD). CDD refers to the method of transporting a medication/drug compound into human body 

in a safe and controlled manner and delivering drugs at a desired target location. Despite 

significant recent achievements in this field, controlled drug releasing systems still face major 

challenges in practice including chemical issues involved in synthesizing biocompatible drug 

containers, manipulating the releasing time of drugs in the body, delivering the drugs at a 

targeted location and utilizing a safe and noninvasive trigger to initiate drug release [45]. In this 

research, we introduce the concept of a thermo-responsive SMP-based drug delivery system and 

quantify its activation under FU. For the first time in literature, we perform multiphysics 

analytical and numerical modeling to estimate the FU stimulation of SMPs. Proof-of-concept 

experiments are conducted for a simple SMP filament to validate the mathematical model. The 

underlying mechanism of the proposed concept is based on FU induced generation of a 
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concentrated thermal field inside the polymer. This thermal field allows activation of the shape 

recovery process only in a selected part of the polymer, leading to a spatially controlled shape 

change of the SMP.  

Chapter 3 extends the mathematical model developed in chapter 2 to estimate SMP actuation in a 

multi-medium environment. The model is modified to simulate response of a drug delivery 

capsule kept inside the artery of a heart. The modified multiphysics framework is validated with 

finite element simulations and shows how SMP actuation is affected due to acoustic waves 

propagation through multiple layers of tissues in a human body. The model is used to propose 

several geometrically optimized capsule designs that can provide the desired drug delivery rate 

in-vivo, just by manipulating the FU operating parameters. This chapter also experimentally 

explores 3d printing technique as a method to realize accurate and flexible capsule designs. 

The work presented in chapter 4 addresses the requirement of a comprehensive understanding of 

the thermomechanical process of shape recovery under FU, as a precursor to building complex 

systems in any application. The past two decades have observed several constitutive models to 

capture the shape memory behavior [46, 47]. Following the constitutive model developed by Liu 

et al. [46] in combination with acoustic-thermal equations, this chapter develops for the first 

time, dynamic equations governing the motion of an ultrasound actuated SMP cantilever in all 

four shape recovery stages. Another aim of this chapter is to develop a simplified analytical 

expression to estimate the FU induced shape recovery for simple geometries of the polymer. The 

intention behind this aim is to eliminate the computationally intensive numerical modeling, 

proposed in chapter 2. To achieve these aims, the behavior of temperature dependent mechanical 
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properties of SMP during ultrasound exposure is studied using dynamic mechanical analyzer 

(DMA) tests. A model is built incorporating these properties to predict the shape memory 

behavior of a SMP based cantilever beam subjected to pure bending. The governing equations of 

motion are derived, using reduced order mathematical modeling. Finally, a simplified analytical 

dynamic solution is developed to estimate FU induced shape recovery using perturbation 

techniques for a weakly geometric nonlinear SMP cantilever. The scope of this work 

encompasses all applications of thermally actuated SMPs requiring shape recovery estimations 

such as SMP based switches and drug delivery containers among others. 

In chapter 5, the FU-induced shape recovery is investigated for cases when SMP is completely 

immersed in water. The need for this research arises due to increasing number of robotic, 

MEMS, and biomedical applications in underwater/fluid environments. For such purposes, 

demand of SMPs is rising to provide an enhanced flexibility and functionality to underwater 

devices [48, 49]. However, the shape memory effect is significantly affected in underwater 

environments due to additional fluid loading and thermal cooling effects, as compared to SMP 

operation in air. Thus, this chapter performs an in-depth analysis of how these two effects 

influence the underwater SMP function when exposed to FU. The previously built framework in 

chapter 4 is extended to include the fluid loading effects. Experimental investigations and finite 

element simulations are also performed to quantify and segregate the degree of influence of these 

two effects on the shape recovery behavior of a SMP filament.  

In chapter 6, UPT has been addressed from a novel perspective of achieving wireless energy 

transfer using HIFU. UPT has emerged as the most promising of all the other practiced 
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techniques to wirelessly transfer energy [50]. In recent years, UPT has found increasing 

applications in biomedical technology, data delivery and through-wall transmission [38, 51]. 

Although several works have showed the feasibility of this concept, many challenges including 

low UPT efficiency and lack of systematic investigations on understanding the physics of the 

system, are essentially nonexistent. Consequently, this work proposes to study the fully coupled 

physics by introducing a comprehensive multiphysics mathematical model. The problem of 

efficiency is solved by introducing FU actuation of piezoelectric receivers. Focusing of energy 

provides higher efficiency as compared to current acoustic sources as the entire energy is 

concentrated at the receiver location. This work also investigates the effects of finite size of the 

disk and acoustic nonlinearity; factors that have remained unreported in literature for UPT 

systems. Experimentally validated finite element multiphysics model is developed to explore the 

influence of individual parameters in the HIFU-UPT system.  

In chapter 7, experimental investigations are reported for a finite size piezoelectric disk located 

in a FU standing wave field. The need for this research arises from the requirement of efficient 

UPT under FU excitation for powering of piezoelectric supported devices. However, under a 

long duration of excitation, standing waves form which significantly affect the performance of 

the receiver. Thus, a detailed investigation of performance enhancement techniques needs to be 

done for designing efficient systems. Thus, in this work, an in-depth analysis is done to 

understand the interplay of several factors for the first time. These factors include acoustic and 

material nonlinearities due to high levels of acoustic excitation, and acoustic resonance effects on 

a HIFU-UPT system.  
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Lastly, in chapter 8, a summary of conclusions of all the chapters is presented. Discussion on 

broader impacts, intellectual merits and future scope of this dissertation is done. 

References 

1. R. Bogue, Assembly Automation 32 (1), 3-7 (2012). 

2. M. Mrinalini and S. Prasanthkumar, ChemPlusChem 84 (8), 1103-1121 (2019). 

3. F. Greco and V. Mattoli, in Piezoelectric Nanomaterials for Biomedical Applications, 

edited by G. Ciofani and A. Menciassi (Springer Berlin Heidelberg, Berlin, Heidelberg, 2012), 

pp. 1-27. 

4. W. G. Drossel, H. Kunze, A. Bucht, L. Weisheit and K. Pagel, Procedia CIRP 36, 211-

216 (2015). 

5. S. Kamila, American Journal of Applied Sciences 10 (8), 876 (2013). 

6. D. Ratna and J. Karger-Kocsis, Journal of Materials Science 43 (1), 254-269 (2008). 

7. M. T. Chorsi, E. J. Curry, H. T. Chorsi, R. Das, J. Baroody, P. K. Purohit, H. Ilies and T. 

D. Nguyen, Advanced Materials 31 (1), 1802084 (2019). 

8. Y. D. Liu and H. J. Choi, Soft Matter 8 (48), 11961-11978 (2012). 

9. E. Hristoforou and A. Ktena, Journal of Magnetism and Magnetic Materials 316 (2), 372-

378 (2007). 

10. A. Seeboth, R. Ruhmann and O. Mühling, Materials (Basel) 3 (12), 5143-5168 (2010). 

11. B. J. Park, F. F. Fang and H. J. Choi, Soft Matter 6 (21), 5246-5253 (2010). 

12. C. Liu, H. Qin and P. Mather, Journal of materials chemistry 17 (16), 1543-1558 (2007). 

13. H. Meng and G. Li, Polymer 54 (9), 2199-2221 (2013). 

14. K. Wang, S. Strandman and X. X. Zhu, Frontiers of Chemical Science and Engineering 

11 (2), 143-153 (2017). 

15. G. Scalet, Actuators 9 (1), 10 (2020). 

16. K. Wang, Y.-G. Jia and X. X. Zhu, Macromolecules 50 (21), 8570-8579 (2017). 



10 

 

17. S. Trolier-McKinstry, S. Zhang, A. J. Bell and X. Tan, Annual Review of Materials 

Research 48 (1), 191-217 (2018). 

18. M. Chen-Glasser, P. Li, J. Ryu and S. Hong, Piezoelectricity-Organic and Inorganic 

Materials and Applications, 125-145 (2018). 

19. C. Dagdeviren, Y. Shi, P. Joe, R. Ghaffari, G. Balooch, K. Usgaonkar, O. Gur, P. L. 

Tran, J. R. Crosby and M. Meyer, Nature materials 14 (7), 728-736 (2015). 

20. D. M. Pedrotty, J. Koh, B. H. Davis, D. A. Taylor, P. Wolf and L. E. Niklason, American 

Journal of Physiology-Heart and Circulatory Physiology 288 (4), H1620-H1626 (2005). 

21. X. Xie, Q. Wang and N. Wu, International Journal of Engineering Science 81, 41-48 

(2014). 

22. R. A. Kishore, D. Vuļkoviĺ and S. Priya, Ferroelectrics 460 (1), 98-107 (2014). 

23. M. Safaei, H. A. Sodano and S. R. Anton, Smart Materials and Structures 28 (11), 

113001 (2019). 

24. H. Zhang, X.-S. Zhang, X. Cheng, Y. Liu, M. Han, X. Xue, S. Wang, F. Yang, A. Smitha 

and H. Zhang, Nano Energy 12, 296-304 (2015). 

25. M. Safaei, R. M. Meneghini and S. R. Anton, Smart Materials and Structures 27 (11), 

114007 (2018). 

26. J. R. Kumpfer and S. J. Rowan, Journal of the American Chemical Society 133 (32), 

12866-12874 (2011). 

27. A. Lendlein, H. Jiang, O. Jünger and R. Langer, Nature 434 (7035), 879 (2005). 

28. U. N. Kumar, K. Kratz, M. Heuchel, M. Behl and A. Lendlein, Advanced Materials 23 

(36), 4157-4162 (2011). 

29. P.-C. Yeh, H. Duan and T.-K. Chung, Micromachines 10 (10), 710 (2019). 

30. D. L. Miller, N. B. Smith, M. R. Bailey, G. J. Czarnota, K. Hynynen, I. R. S. Makin and 

M. Bioeffects Committee of the American Institute of Ultrasound in, J Ultrasound Med 31 (4), 

623-634 (2012). 

31. C. M. Tempany, E. A. Stewart, N. McDannold, B. J. Quade, F. A. Jolesz and K. 

Hynynen, Radiology 226 (3), 897-905 (2003). 

32. H. C. Klingler, M. Susani, R. Seip, J. Mauermann, N. Sanghvi and M. J. Marberger, 

European urology 53 (4), 810-818 (2008). 



11 

 

33. A. Z. Weizer, P. Zhong and G. M. Preminger, Urologic Clinics of North America 34 (3), 

375-382 (2007). 

34. Y.-Z. Zhao, L.-N. Du, C.-T. Lu, Y.-G. Jin and S.-P. Ge, International journal of 

nanomedicine 8, 1621 (2013). 

35. A. Marin, M. Muniruzzaman and N. Rapoport, J Control Release 71 (3), 239-249 (2001). 

36. J. Medina, A. Salvado and A. del Pozo, Int J Pharm 216 (1-2), 1-8 (2001). 

37. S. Ibsen, M. Benchimol, D. Simberg, C. Schutt, J. Steiner and S. Esener, J Control 

Release 155 (3), 358-366 (2011). 

38. S. Ozeri and D. Shmilovitz, Ultrasonics 50 (6), 556-566 (2010). 

39. M. G. Roes, J. L. Duarte, M. A. Hendrix and E. A. Lomonova, IEEE Transactions on 

Industrial Electronics 60 (1), 242-248 (2013). 

40. M. R. Awal, M. Jusoh, T. Sabapathy, M. R. Kamarudin and R. A. Rahim, International 

Journal of Antennas and Propagation 2016 (2016). 

41. D. J. Graham, J. A. Neasham and B. S. Sharif, presented at the Oceans 2009-Europe, 

2009. 

42. T. Maleki, N. Cao, S. H. Song, C. Kao, S. Ko and B. Ziaie, IEEE Transactions on 

Biomedical Engineering 58 (11), 3104-3111 (2011). 

43. A. Bhargava, K. Peng, J. Stieg, R. Mirzaeifar and S. Shahab, RSC Advances 7 (72), 

45452-45469 (2017). 

44. A. Bhargava, K. Peng, J. Stieg, R. Mirzaeifar and S. Shahab, presented at the ASME 

2017 Conference on Smart Materials, Adaptive Structures and Intelligent Systems, Utah, USA, 

2017. 

45. T. Xie, Polymer 52 (22), 4985-5000 (2011). 

46. Y. Liu, K. Gall, M. L. Dunn, A. R. Greenberg and J. Diani, International Journal of 

Plasticity 22 (2), 279-313 (2006). 

47. H. Tobushi, K. Okumura, S. Hayashi and N. Ito, Mechanics of materials 33 (10), 545-554 

(2001). 

48. T. Chen, O. R. Bilal, K. Shea and C. Daraio, Proceedings of the National Academy of 

Sciences 115 (22), 5698 (2018). 



12 

 

49. Y. Guo, Z. Lv, Y. Huo, L. Sun, S. Chen, Z. Liu, C. He, X. Bi, X. Fan and Z. You, Journal 

of Materials Chemistry B 7 (1), 123-132 (2019). 

50. M. R. Awal, M. Jusoh, T. Sabapathy, M. R. Kamarudin and R. A. Rahim, International 

Journal of Antennas and Propagation 2016, 14 (2016). 

51. D. J. Graham, J. A. Neasham and B. S. Sharif, IEEE Transactions on industrial 

electronics 58 (10), 4972-4980 (2011). 

 



2 

 

Chapter 2 : Focused ultrasound actuation of shape memory 

polymers; acoustic-thermoelastic modeling and testing 

Details of publication 

Co-authors: Kaiyuan Peng, Jerry Stieg, Reza Mirzaeifar, and Shima Shahab 

Citation : Bhargava A, Peng K, Stieg J, Mirzaeifar R and Shahab S, 2017, Focused ultrasound 

actuation of shape memory polymers; acoustic-thermoelastic modeling and testing RSC Adv. 7 

45452ï69 

Bhargava, A., Peng, K., Stieg, J., Mirzaeifar, R., and Shahab, S., Ultrasound Actuation of Shape-

Memory Polymer Filaments: Acoustic-Thermoelastic Modeling and Testing. Proceedings of the 

ASME 2017 Conference on Smart Materials, Adaptive Structures and Intelligent 

Systems. Volume 2: Modeling, Simulation and Control of Adaptive Systems; Integrated System 

Design and Implementation; Structural Health Monitoring, September 18ï20, 2017, Snowbird, 

Utah, USA, V002T04A014, ASME . (Best Student Paper Award ï 1st place) 

Abstract 

Controlled drug delivery (CDD) technologies have received extensive attention recently. Despite 

recent efforts, drug releasing systems still face major challenges in practice, including low 

efficiency in releasing the pharmaceutical compounds at the targeted location with a controlled 

time rate. We present an experimentally-validated acoustic-thermoelastic mathematical 

framework for modeling the focused ultrasound (FU)-induced thermal actuation of shape 
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memory polymers (SMPs). This chapter also investigates the feasibility of using SMPs 

stimulated by FU for designing CDD systems. SMPs represent a new class of materials that have 

gained increased attention for designing biocompatible devices. These polymers have the ability 

of storing a temporary shape and returning to their permanent or original shape when subjected 

to external stimuli such as heat. In this work, FU is used as a trigger for noninvasively 

stimulating SMP-based systems. FU has a superior capability to localize the heating effect, thus 

initiating the shape recovery process only in selected parts of the polymer. The multiphysics 

model optimizes the design of a SMP-based CDD system through analysis of a filament as a 

constituting base-structure and quantifies its activation under FU. Experimental validations are 

performed using a SMP filament submerged in water coupled with the acoustic waves generated 

by a FU transducer. The modeling results are used to examine and optimize parameters such as 

medium properties, input power and frequency, location, geometry and chemical composition of 

the SMP to achieve favorable shape recovery of a potential drug delivery system.  

2.1. Introduction  

In the field of medicine, delivery of drugs in a controlled manner is being realized as a key factor 

for treating infections, cancer and many other diseases. Drug delivery refers to the methods for 

transporting a medication/drug compound into human body in a safe manner. Controlled drug 

delivery (CDD) technology has received extensive attention during the past three decades [1], 

mainly because of numerous advantages of this technology compared to the conventional 

methods[2]. Despite significant recent achievements, controlled drug releasing systems still face 

major challenges in practice including chemical issues involved in synthesizing biocompatible 
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drug containers, manipulating the releasing time of drugs in the body, delivering the drugs at a 

targeted location and utilizing a safe and noninvasive trigger to initiate drug release [3, 4]. In this 

research, we leverage the experimental, analytical and computational techniques to investigate 

the feasibility of using shape memory polymers (SMPs) and focused ultrasound (FU) for 

designing a CDD system. The design is used in a conceptual novel mechanism for 

simultaneously opening the drug container and pushing the particles out, which will significantly 

improve the rate of drug releasing at a targeted location.  

Smart materials are engineering materials that have one or more properties, which can be 

changed by external stimuli such as temperature, electric field, magnetic field or stress [5-8]. 

SMPs are a relatively new class of smart materials that have the ability of storing a temporary 

shape and returning to their permanent or original shape [9] when subjected to external stimuli 

such as heat, light or ultrasound [10-14]. The shape memory responses to these stimuli fall 

broadly into three categories namely, chemo-responsive [15, 16], thermo-responsive and photo-

responsive. While thermo-responsive SMPs absorb heat to generate molecular motion and 

modify stiffness above a transition temperature for shape recovery, the shape memory effect in 

chemo-responsive SMPs is due to interaction with a solvent which alters/softens the transition 

component in the SMP. The plasticizing effect of the bound solvent molecules on the bonds of 

SMP molecules such as seen in the peak shift of C=O bond in SMP in DMF solvent evidenced 

by Lu et al. [16], alters the transition temperature of chemo-responsive SMPs to initiate shape 

memory effect. Compared to other shape memory materials such as shape memory alloys [17-

19] and shape memory ceramics [20]. SMPs are light weight, inexpensive, and can recover large 
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deformations [21-23] in a controlled manner. Development of SMP-based devices for medical 

applications such as stents for cardiovascular systems and self-tightening sutures has gained a lot 

of attention recently [3, 9, 24, 25]. Xue et al. [26] developed self-expandable stents which 

exhibited %98º  shape recovery at body temperature at a much faster rate compared to the best 

known self-expandable stents. Because of these advantages, during the past decade, SMPs have 

received increased interest in biomedical applications [27] and advancing CDD systems [28]. At 

present, the commercially available drug release devices still lack the capability of delivering 

drugs in a spatially and temporally controlled manner [29]. The combination of SMPs and CDD 

leads us to a multidisciplinary research in order to reduce the drug side effects in patient body 

and frequency of taking drugs by patient, which means having more reliable and accurate 

treatment.  

The shape memory effect of SMPs relies heavily on the external trigger provided. For use in in 

vivo applications, thermal activation through body heat has often been relied upon to trigger 

shape recovery [4]. However, there is a need for more flexible stimuli as compared to fixed body 

heat temperature. Consequently, noninvasive triggers such as light [30-32], magnetic field [33, 

34], electrical field [35, 36], and radiofrequency waves [34] have been employed. These triggers 

require special components such as magnetic or florescent particles to generate response, which 

can compromise the biodegradability and biocompatibility of SMPs. Thus, use of a safer and 

effective trigger is of utmost importance to achieve remotely controlled shape recovery. The use 

of FU an as external stimulus fulfils the above criteria. The underlying mechanism involves 

focusing ultrasound into a tight spot in domain area of millimeter scale, which causes selective 
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and controlled heating of the medium at the spot. This localized heating also eliminates the need 

of incorporating special or responsive particles in the medium as shape deformation occurs due 

to heating caused by viscous shearing oscillation of molecules under ultrasound exposure.  

Employing high-intensity FU has been researched for biomedical purposes for many years [37, 

38]. The higher penetrating ability of acoustic waves as compared to light has been used for 

selective tissue necrosis in controlled volumes. Studies have been conducted reporting the use of 

ultrasound in acoustic energy transfer systems [39-42] and for drug delivery [43-45] especially 

from polyelectrolyte micro-containers [46], multilayered capsules [44, 47], and polymer micelles 

[48-51]. In their study, Kost et al. [43] irradiated ultrasound on a polymer matrix for releasing 

drugs entrapped in the matrix. Liu et al. [52] and Han et al .[53] conducted proof-of-concept 

experiments using FU to demonstrate shape recovery process of SMPs and obtain various 

intermediate shapes with the help of FU. The research done in recent years demonstrating the 

effect of FU on shape recovery behavior of polymers has been experimental in nature. The very 

limit ed literature lacks fully coupled modeling efforts to analytically solve the underlying 

problem and optimize a SMP-based CDD design. 

In this research, for the first time, we perform a multiphysics analytical and numerical modeling 

to optimize the design of a thermo-responsive SMP-based drug delivery system and quantify its 

activation under FU. This model provides the foundation for designing and testing SMP 

capsules, an example of which is schematically shown in Fig. 2.1 and further will be discussed in 

section 2.4. The proposed design has the unique capabilities of (i) releasing the loaded drug at a 

controlled rate and (ii ) releasing the drug accurately at localized areas, thus, addressing the two 
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major challenges of designing CDD systems. This design is based on the mechanism for 

simultaneously opening the drug container and pushing the particles out, which will significantly 

improve the drug release rate. The developed model in Fig. 2.1, uses FU as a trigger for 

stimulating the drug capsules in order to control the location of drug release. FU localizes the 

heating effect on a small area (about 1 mm2). This concentrated thermal field allows the 

activation of the shape recovery process only in a selected part of the polymer, even for the 

polymer immersed in water or living body [3, 52, 54, 55]. By turning off the ultrasound beam the 

shape recovery process can be paused at any time, which allows the polymer to have an 

intermediate but a stable shape [3, 55]. Therefore, by using FU we are able to release the loaded 

drug in a switchable manner.  

 

Fig.  2.1. 3D (top) and 2D (bottom) schematic representation of the concept for shape memory polymer 

(SMP) container under focused ultrasound (FU) irradiation. From left to right: the SMP container with a 

permanent shape is loaded with the particles then heated and deformed to a temporary shape. When 

delivered to the desired location, the container undergoes shape recovery under FU-induced thermal 

actuation and releases the loaded particles. The color bar is temperature in K. 
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In this chapter, we implement a comprehensive set of analytical, numerical and experimental 

studies to design, analyze and test a coupled FU and SMP representative mechanism at a 

millimeter-scale framework. The model studies the acoustic-structure interaction of FU with 

SMP-based filaments to establish the relationship between input parameters (such as input power 

and frequency) with the acoustic, thermal and stress fields and shape recovery of SMPs. Medium 

properties such as absorption and nonlinearity, which significantly affect the pressure field of a 

propagative wave [56], are studied to analyze their influence on the shape memory behavior of 

polymer. The analytical-numerical model is validated through experiments using a high-intensity 

focused transducer in a water tank. Various concepts can be considered for the design of a SMP 

container subjected to FU, similar to the example shown in Fig. 2.1, however, the modeling 

effort is focused on the special case of a filament, as fundamental element of any container, 

stimulated by FU. 

2.2. Theory 

To design a SMP-based drug delivery system, development of a robust theoretical model which 

predicts the FU induced acoustic and thermal fields and subsequent mechanical behavior of SMP 

is essential. In this work, we present multiphysics acoustic-thermoelastic modeling for 

ultrasound actuation of SMP filaments. The analytical-numerical model is divided into three 

interconnected parts. The first part studies the focused acoustic pressure field in a multilayer 

domain which includes a SMP filament submerged in fluid, using Khokhlov-Zabolotskaya-

Kuznetsov (KZK) equation [57, 58]. The equation is solved in a hybrid time-frequency domain 

using operator-splitting method and accounts for the effects of absorption, diffraction and 
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nonlinear distortion in the medium. The second part provides a model based on Penneôs Bioheat 

equation [59] to estimate the thermal field developed in SMPs as a result of FU. The temperature 

distribution of the polymer obtained from the second part is given to the third part which 

provides a framework to predict the mechanical stresses developed in SMPs and consequent 

shape recovery. A mechanical model is formulated by a compressible neo-Hookean constitutive 

equation, which assumes the SMPs behave as a thermoelastic material and predicts the thermally 

induced shape memory effect under FU. The constitutive model is numerically implemented in a 

user material subroutine (UMAT) in ABAQUS to model the deformation of the filament.  

The two common models used for simulating focused acoustic waves are KZK and Westervelt 

equations [57, 58, 60]. In both models, the approach is based on the equations of continuum 

mechanics. However, existing analytical solutions fail to accurately incorporate the effects of 

nonlinearity, diffraction and absorption which strongly affect the acoustic wave propagation. 

Therefore numerical approaches have been adopted to obtain the solutions of focused 

hydroacoustic problems [61]. The KZK equation is based on parabolic approximation and is 

applicable for quasi-planar waves of limited high frequencies [58]. The equation holds good for 

directional sound beams and for focused transducers with small aperture angles (not more than 

16 18- ) [62, 63]. However, Soneson et al. [64, 65] have proved the applicability of KZK 

equation at higher aperture angles with good accuracy. The method assumes forward-wave 

propagation with nonlinear distortion in a direction normal to the propagation planes. On the 

other hand, Westervelt equation is a full-wave solution for wider aperture angles and highly 

focused beams. However, Westervelt equation requires fine discretization which makes it more 
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time and memory inefficient. In this work, KZK equation is chosen to model the acoustic field of 

FU to reduce the computational cost. 

Several theoretical models have been developed based on KZK equation, which adopt different 

numerical techniques to solve for the effects of absorption, diffraction and nonlinearity in the 

medium. However, the numerical algorithms become very time and memory consuming. 

Therefore, to reduce the computational burden, several approximations are made [56, 66, 67] 

which include assuming one way (forward) wave propagation [68], solving governing equations 

in 2D when the system is axisymmetric [69], optimization of spatial grid [70] and using a 

perfectly matching layer at the boundaries of computational grid domain to reduce spatial grid 

size and to avoid reflections from the edges of the grid [67]. The most widely used numerical 

technique to solve KZK equation is a frequency-domain technique called the spectral method 

[71]. The method substitutes a Fourier expansion of sound pressure in the KZK equation and 

then solves numerically. The method originally designed for monochromatic waves and tone 

bursts, was later modified to include the calculations for far field [72], focused beams [56] and 

non-axisymmetric sources [73]. In order to overcome the problem of high computational time 

required for solving nonlinearity term with spectral method, hybrid method was adopted by 

several researchers [74, 75]. The hybrid method based on KZK equation solves for the effects of 

absorption and diffraction in frequency domain and of nonlinearity in time domain. Pestorius and 

Blackstock [76] validated the combined time and frequency-domain approaches through 

experiments to study the propagation of plane, finite-amplitude sound in the medium. Several 
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others also adopted a pure time-domain algorithm to solve KZK equation for computational 

efficiency [70, 77]. 

The novel feature of the multiphysics model developed in this work is to use KZK equation with 

the hybrid method to study the behavior of SMPs in an acoustic field (where multiple domains 

are involved and medium nonlinearity is pronounced) and couple it with thermal and mechanical 

models to build a comprehensive framework for acoustic-thermal-structural study of SMPs. The 

theory is divided into three interconnected sections (2.2.1-2.2.3). Section 2.2.1 predicts the 

focused acoustic pressure field of SMPs immersed in water using nonlinear KZK equation which 

includes the effects of nonlinearity, absorption and diffraction (a linear analytical model for the 

pressure field due to focused transducers without including any nonlinear effects is given in 

supplementary document). We adopt the hybrid time-frequency approach using operator-splitting 

technique [61] which accounts for these three effects separately at every integration step. Section 

2.2.2 provides a model for calculating the thermal field developed in SMPs as a result of focused 

acoustic pressure. It uses the acoustic pressure field calculated in section A as an input to 

evaluate the heating response of the polymer. This FU induced thermal field triggers a 

mechanical response in the polymer and deforms the SMP. Section 2.2.3 provides a framework 

to estimate these mechanical stresses using the absorbed heat calculated in section 2.2.2 as an 

input to the framework and predicts the consequent shape recovery of the SMP.  

For validation purposes, first we verify our coupled acoustic-thermoelastic theoretical model 

with simulations in COMSOL Multiphysics and experiments under linear conditions. Then, the 

developed coupled KZK-Penneôs Bioheat theoretical model is employed to extract and optimize 
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the acoustic and thermal fields under nonlinear effects, which cannot be easily simulated in a 

standard FEM environment. It is worth noting that although applying the nonlinear parameters in 

the COMSOL finite-element framework is practically difficult, it is still a valuable tool as it 

enables us to base the further analysis for optimizing the design of SMP-based drug delivery 

systems with complex geometrical 3D configurations. The simulation (ABAQUS) predicted 

deformation in SMP upon shape recovery process is compared with experiments as well.  

2.2.1. Multiphysics modeling of acoustic-SMP interaction; nonlinear acoustic model 

KZK equation is used to predict the nonlinear acoustic pressure field in fluid and SMP domains 

(shown in Fig. 2.2) using a numerical approach. This model incorporates absorption, diffraction 

and nonlinear effects of the medium in the wave equation. KZK equation is derived from mass 

and momentum conservation equations. In cylindrical form, it is given as [57, 58, 60] 

2 3 2 2
2

3 3 3 22 2 2

p c p p
p

z t c t c t

x b

r
^

µ µ µ
= Ð + +
¡ ¡ ¡µ µ µ µ

 (1) 

where z  is the distance in axial direction Z , t¡ is the retarded time, /t t z c¡= - , for the sound 

wave to travel with speed c  and p  is the acoustic pressure at arbitrary observation point, Q  

(Fig. 2.2). The first term on the right-hand side of the Eq. 1 represents diffraction, the second 

term signifies absorption with x as diffusivity parameter and nonlinearity is given by third term, 

where 1 / 2B Ab= +  is the coefficient of nonlinearity and /B A is defined as the nonlinearity 

parameter. The Laplacian
2Ð̂  in Eq. 1 in axisymmetric coordinates is given as 

2 2 2( / / )R R RÐ̂ = µ µ +µ µ, where R  is the radial distance in Y coordinate. The boundary 
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condition for the characteristic source pressure, 0p , of the focused transducer with focal distance 

D , is given as 2

0 0
Ĕ( , / 2 ) |zp p f R t R cD == +  [56, 70], where 2Ĕ( , / 2 )f R t R cD+  shows the 

dependence of time on spatial dimension in source plane. A non-dimensional form of the KZK 

equation is 

2 3 2 2
2

3 2

1
( )
4 2

r

p B p
A p

z Gt t t

µ µ µ
= Ð + +

µ µ µ µ
 (2) 

where the non-dimensionalized pressure, p , is given as 0/p p p= .  

 

Fig.  2.2. Schematic representation (left) and finite-element simulation snapshot (right) of acoustic wave 

from a focused wave source to a shape memory polymer filament. 
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Since the spherical spreading occurs from the focal point area, it becomes more convenient to 

normalize the z parameter to focal distance. The non-dimensional form of propagation distance, 

z  in Eq. 2 is /z z D= . The retarded time t is normalized with angular source frequency 0w  

and is given by 0( / )t z ct w= - . In Eq. 2, the non-dimensional parameters G , B  and A  account 

for focusing gain, nonlinearity and attenuation effects in the medium, respectively. The focusing 

gain is given by /rG z D= , where rz  is the Rayleigh distance of the unfocused source, given as 

2

0 / 2rz a cw=  with a  as the radius of the transducer. The nonlinearity term is / sB D z= , where 

3

0 0/sz c pr b w=  is the plane wave shock formation distance. In addition, the parameter A  is 

defined as A a D= , where 2 3/ 2a cxw=  is the attenuation coefficient at frequency w. The non-

dimensionalzed form of Laplacian in Eq. 2 is given by 2 2 2( / / )r r r rÐ = µ µ +µ µ, where 

/r R a= . The source condition in non-dimensional form becomes 2

0
Ĕ( , ) |zp f r Grt == + , which 

is valid for spherical transducers under the following three assumptions, given as 2sin 2q<<, 

28 / sinG p q<< , and 31 16 / sink a p q<< <<  [56]. Here q is the half aperture angle, Fig. A1a, 

and sin /a Dq= . While the first assumption is a relatively weak restriction which requires the 

half aperture angle to be less than 25 , the other two are analogous and restrict the maximum 

focusing gain for a given aperture angle. Therefore, the given assumptions limit the domain of 

validity of KZK equation for a focused transducer. Since, the transducer geometry used for this 

research satisfies two of the necessary conditions, KZK equation is used to predict acoustic 

pressure field in SMP for time and memory efficiency. 
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Absorption refers to the thermal-viscous attenuation of the waves as they propagate through a 

medium leading to loss of energy of the wave. KZK equation includes the absorption effect in 

Eq. 2 with the term  

2

2

p p
A

z t

µ µ
=

µ µ
 (3) 

where A  depends on the attenuation coefficient. The  attenuation coefficient follows an arbitrary 

power law dependence on frequency given as [78] 

0( )  a f fna=  (4) 

where 0a  represents attenuation at source frequency 0w . Classical thermal-viscous attenuation 

uses a squared frequency dependency of the attenuation for fluids with 2n= . However, for 

tissues, various experiments show that n ranges from 0.60 - 2. A popular approach is to take 

1n=  for soft materials and polymers, but specific values of n vary according to the type of 

material [79]. It is assumed that attenuation in SMPs follow a similar frequency dependence law 

with 1n= . 

Nonlinearity arises due to variations of pressure with variation of density of the medium. It can 

also be expressed in terms of variations of sound velocity of a propagating wave in a medium. 

For example, as the wave propagates, the peaks of the wave may travel faster than the troughs 

thus distorting the structure of the wave. For a state ( , )p p sr=  where s  is the specific entropy, 

Taylor series expansion expressing the variation of pressure p  with density r under adiabatic 
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conditions is given as 
0

2

0 0 0 0 0{ [( ) / ] [( ) / ] / 2 .....}| s sp p A Br r r r r r == + - + - +  [58, 80], where 

0 0 0 0( , )p p sr= . Here 0r and 0s  represents the density and the specific entropy in the 

unperturbed state, respectively. The coefficients A and B represent the first and second order 

variation of pressure with density and are given as 
00( / ) |s sA pr r== µ µ  and 

0

2 2 2

0 ( / ) |s sB pr r == µ µ . The quantity /B A is known as the nonlinearity parameter and is 

expressed as  

0
0

2

0
0 02 2

0

2

s s
s s

B p c
c

A c p

r
r

r
=

=

å õ å õµ µ
= =æ ö æ ö

µ µç ÷ç ÷
 (5) 

where 0c  is the small signal speed. Here /B A incorporates the effects of nonlinearity on the 

speed of the wave through coefficient of nonlinearity b where 1 ( / 2 )B Ab= + . In the 

dimensionless KZK model, the parameter B  integrates b into the KZK equation. Thus, the 

nonlinearity term in KZK equation, neglecting any diffraction and absorption effects, is 

expressed as 

2

2

p B p

z t

µ µ
=

µ µ
 (6) 

Equation (6) has its origin in a simpler model known as Burgerôs equation [81]. Burgerôs 

equation models quadratic nonlinearities and absorption effects in a propagating wave. It is a 

basic model to understand shock wave formation and propagation. The full non-dimensionalized 
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form of Burgerôs equation is given by 2 2/ / /p z A p Bp pt tµ µ = µ µ + µ µ. Equation (6) is the 

inviscid form of Burgerôs equation. 

The numerical approach to solve KZK equation was first introduced by Lee et. al. [70] The 

approach known as operator-splitting method involves solving for each of the three effects 

independently at each integration step and combining the effects before proceeding to the next 

step. Therefore, KZK equation, Eq. 2, can be expressed in terms of independent terms as 

/ ( ) ( ) ( )D A Np z o p o p o pµ µ = + + , where first, second and third operators represent diffraction, 

absorption and nonlinear effects respectively. The current model uses operator splitting method 

to solve Eq. 2 in a hybrid frequency-time domain approach [82] for harmonic acoustic actuation 

of a submerged SMP filament. The pressure field is expressed in time domain as 

*

1

1
( , , ) [ ( , ) ( , ) ]

2

in t in t

n n

n

p R z t M R z e M R z ew w
¤

-

=

= +ä  (7) 

where nM  is the complex pressure amplitude corresponding to nth harmonic and *

nM  is the 

complex conjugate of pressure amplitude [83]. Substituting Eq. 7 in Eq. 2 and converting it into 

frequency domain, the non-dimensionalized KZK equation becomes 

*2

1

( 2 )       1,2........
4 4

n
r n n n m n m m n

m

V i inB
V V V V V n

z nG

¤

- -

=

µ
+ Ð +  = + =

µ
ä  (8) 

where 0/n nV M p= and n   is a complex number representing attenuation term, A , in frequency 

domain. The real part of n   follows the frequency dependent power law, Eq (4). The imaginary 



18 

 

part of n   accounts for dispersion effects which occur because of arbitrary frequency 

dependence of phase velocity. The dispersion effects are necessary to maintain the causality of 

the system and are determined using Kramers-Kronig relations as 

* *2 2 *

0
1/ ( ) (2 / ) {[ ( ) ( )] / ( )}c a a dw p w w w w w

¤

= - -ñ  [78], where *w  represents conjugate of the 

angular frequency and ( )cw  is the phase velocity of the acoustic wave. 

At each integration step, the linear terms of Eq. 8, given by, 

2 0 1,2,...
4

n
r n n n

V i
V V n

z nG

µ
+ Ð +  = =

µ
 (9) 

are solved in frequency domain while the remaining nonlinear terms are solved in time domain. 

For integrating Eq. 2 in time domain, the restricted size of the source and a finite time duration 

limits the integration domain within max min max0;  0 ,  z r r t t t² ¢ ¢ ¢ ¢. The values of 

max min max,   and r t t  are chosen such as to minimize numerical errors and depend on geometry of 

the transducer, absorption and nonlinearity parameters. Boundary conditions used for solving Eq. 

2 for a focused transducer are given as min( , , ) 0p r zt = , max( , , ) 0p r zt = , max( , , ) 0p r zt= , and 

0/ | 0rp r =µ µ =. The time window is chosen large enough to incorporate the effects of absorption, 

waveform steepening and any singularities [70]. The lower and the upper limits of the time 

window are chosen as min 0 0( 10 )G Tt w p=- + +  and max 0 0 20Tt w p= +  where 0T  is the time 

duration of source wave. 
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At each integration step, the nonlinear terms in Eq. 8 are converted into time domain using 

Inverse Fast Fourier Transform (IFFT) and solved for nonlinear pressure field using Eq. 6. 

Soneson et al. [83] proposed a criterion to determine the cases for which nonlinear effects can be 

neglected without significant errors, to improve computing efficiency in time domain. The 

criterion uses attenuation and nonlinearity parameters,   and N  respectively, to determine a 

cutoff value and decide if linear model is sufficient for the analysis. Thus, in this work, before 

the model computes for nonlinearity, a threshold cutoff amplitude is determined. If the pressure 

amplitude at each grid step is greater than the cutoff value, then the model accounts for 

nonlinearity and integrates Eq. 6 using upwind method. The solution is then converted back to 

frequency domain and the numerical code marches to the next step. The term ɓ= 4.50 in SMP 

and ɓ= 3.50 in water [58, 84] incorporate the nonlinear effects in wave propagation. An input 

pressure at 6 W is used. The number of harmonics (n) included in the model are given by n = 2k , 

where k is an integer. To accurately model nonlinear effects, k Ó 6 is used. 

To solve for absorption and diffraction effects in frequency domain, Diagonally Implicit Runge-

Kutta (DIRK) and Crank-Nicolson (CN) methods [85, 86] are used. The second order IRK 

method is used in the near field near boundaries to reduce oscillations while Crank-Nicolson is 

used in the far field region [82]. The transition from DIRK to CN method is made at an axial grid 

length of 0.3zº . The methods use an axial step size of 0.06 mm with an axial grid length of up 

to 78 mm and radial step size of 0.12 mm with a radial grid length of up to 32 mm. A time step 

of 7.8 e-9 is applied for both methods. The axial grid step is taken smaller to account for 

nonlinearity and provides a stable and accurate solution. In SMP domain, 0a  of 82.5 dB/MHz/m 
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and in water, a value of 0.22 dB/MHz/m is used.[84] The methods yield a tridiagonal finite-

difference matrix which can be solved using Thomas algorithm [85].  

The results of the numerical code in MATLAB are further validated using COMSOL. A 2-D 

axisymmetric model is developed to solve for acoustic pressure in frequency domain and later 

for heat transfer in time domain. The input parameters of the transducer and the SMP properties 

(density, thermal conductivity and specific heat capacity) are obtained from experimental 

measurements. 

2.2.2. Thermal modeling 

The effects of FU on soft tissues are well documented [87-89]. A mathematical formulation to 

analyze the effects of ultrasound on tissues is given by Penneôs Bioheat equation which models 

the transfer of heat and generation of thermal field in the tissue domain. In this work, similar 

framework is used to evaluate the temperature T  rise of the soft polymer as a result of FU 

heating. The modified Penneôs Bioheat equation for SMP is given as [59] 

2

m hm

T
C T H

t
r k

µ
= Ð +

µ
 (10) 

where heating rate H  is given by  

1

1
= Re( )  where 1,2...
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In Eq. 10, mr , hmC  and k denote the density, specific heat capacity and thermal conductivity of 

polymer. Parameter mc  in Eq. 11 denotes the sound speed in polymer and np  denotes the 

pressure field associated with each harmonic predicted by KZK equation in section 2.2.1. The 

thermal equation is coupled with KZK equation through heating rate H. Heating rate takes into 

account the cumulative heating by all harmonics. The absorption na  in polymer associated with 

each harmonic n  obeys the frequency dependent power law given by Eq. (4) where 1n= . The 

numerical algorithm in this chapter solves Eq. 10 using Crank-Nicolson operators for 40 s with a 

time step of 0.10 s. The radial and the axial step sizes are 0.24 mm and 0.25 mm, respectively. 

2.2.3. Mechanical modeling of SMPs 

Having obtained the temperature distribution from section 2.2.2, in this section, a SMP filament 

is modeled to predict the shape recovery process under FU by applying the obtained thermal 

boundary conditions. SMPs are categorized as semi-crystalline shape memory polymers 

(CSMPs) and glassy shape memory polymers (GSMPs). GSMPs have both amorphous and glass 

regions, with 
g

T  defined as the glass transition temperature above which the SMPs exist in 

amorphous form. In this study, the selected constitutive model takes into account the stress-strain 

response which depends on thermal expansion of polymers to predict the glass transition of 

GSMPs [90-92]. The constitutive model involves four steps, the loading (amorphous phase), 

cooling (phase transition), unloading (glassy phase) and heating (phase transition) of the polymer 

filament. The constitutive model is numerically implemented in a user material subroutine 

(UMAT) in ABAQUS, a commercial finite-element software, to model the deformation and 
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shape recovery of an L-shaped filament which is thermally activated by FU. The governing 

equations calculating the stresses during the whole cycle and the evolution rules for the glass 

volume fraction are given as following [90]. 

SMPs above the glass transition temperature show the characteristics of an elastomer. The stress 

À in the amorphous part of the SMPs is given as 

aa kcI mÀ=- + B (12) 

where c  is the Lagrange multiplier due to the constraints of incompressibility, I is an identity 

tensor, 
akB  is the left Cauchy stretch tensor and am  is the shear modulus of the amorphous 

phase. Here 
akB is related to deformation gradient in amorphous phase, 

akF ,
 
as 

a a a

T

k k kB F F= . The 

stored energy function for the amorphous phase, aY  is given as 

2

10

1

1
( 3) ( 1)

a
a aC

C I J
D

Y = - + - (13) 

where 
10 / 2aC m=  and 1 2 / aD K=  are the coefficients related to shear modulus and bulk 

modulus, aK , of the amorphous phase, respectively. Here tr( )
a aC kI B=  and aJ  is the volume 

ratio that can be determined by 1/2det ( )
aa kJ B= . 

During cooling, as the temperature goes below the glass transition temperature, the glassy phase 

starts forming and both amorphous and glassy phase coexist at the same time. The stress for 

cooling phase of the cycle is given by 
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(1 )
a ga k g kcI m mÀ=- + - B + B (14) 

where gm  is the shear modulus of the glassy phase and  is the glassy volume fraction. In Eq. 

14, 
gkB is left Cauchy stretch tensor which is related to deformation gradient in glassy phase, 

gkF ,
 
as 

g g g

T

k k kB F F= . 

After cooling stops and the polymer is below 
g

T , the formation of glassy phase stops. While the 

amorphous phase may not totally transit to glassy phase, the stress in the mixture is still given by 

Eq. 14. The stored energy function for the glassy phase, gY  is given as, 

2

20

2

1
( 3) ( 1)

gg C gC I J
D

Y = - + - (15) 

where 20 / 2gC m=  and 
2 2 / gD K=  are the coefficients related to shear modulus and bulk 

modulus, gK , of the glassy phase respectively, and tr( )
g gC kI B= . 

In the heating phase, SMPs return to the original shape as the temperature goes above 
g

T . Due to 

the melting of glassy phase, the final state of the material is stress free and is given by 0À=. 

The activation criterion for heating (starting of phase change) is governed by  

(1 )
a ga k g k cIm m- B + B = (16) 

In a thermomechanical cycle, the change of glassy volume fraction controls the strain storage 

and release. Consistent with experimental results [92], this volume fraction is assumed to be a 
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function of temperature T  only. Based on this assumption, a phenomenological function is given 

by [93] 

1
1

1 exp r

T
T T

z

= -
å õ-

+ æ ö
ç ÷

 (17) 

where rT  is the reference temperature [94] at which the recovery stress has a maximum value. 

Here z is the parameter determining the width of the phase transition zone. In this study, we set  

328KrT = and 1.5z= . These two parameters are obtained from curve-fitting of the 

experimental results in previous literatures [94]. 

To implement the constitutive model in ABAQUS, UMAT provides the updated stress and the 

local tangent stiffness matrix, ¿. Here ¿ is a fourth-order tensor which is termed as the 

Jacobian matrix and provides the relationship for the stress and strain. The required Jacobian 

matrix format is given as 

1 J

J D

tµ
¿=

µ
 (18) 

where Jt  is the Jaumann rate of Kirchoff stress defined as J JJt= À+À. Substituting Jt  into 

Eq. 18 gives /JI D¿=ÀÃ +µÀ µ, where for a mixture of amorphous and glassy phases, ¿ is 

given as 

[ ]1 ( ) ( )a gT T¿= - ¿ + ¿ (19) 
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Solving Eqs. 18 and 19 delivers ¿, which relates stresses to strains thus predicting shape 

recovery based on the detailed derivation given by Barot [95]. In Eqs. 12-16, the shear modulus 

of the amorphous and glassy phases, am  and gm , are given as / 2(1 )a a aEm n= +  and 

/ 2(1 )g g gEm n= +  where 0.49an=  and 0.40gn =  are Poissonôs ratios for the rubbery and 

glassy phases, respectively [27]. The bulk modulus, aK  and gK , in Eqs. 13 and 15 are given as 

/ 3(1 2 )a a aK E n= -  and / 3(1 2 )g g gK E n= - . 

2.3. Experimental results and model validation 

2.3.1. Experimental setup and SMP filament preparation 

Experiments are conducted for a flat 25 mm long, 3 mm wide, 1.5 mm thick 95%TBA-

5%DEGMA polymer filament. The H-104-4A SONIC Concepts FU transducer rests on the 

bottom of the tank (Figs. 2.3a and 2.3b). The tank of water is filled to a depth such that the focal 

point of the FU transducer is located at the surface of the water. Special care is taken to ensure 

the water doesnôt spray when the transducer is activated, and that the exposure power is low 

enough to prevent sample degradation. In an attempt to prevent acoustic interference, a rigid 

sample holder is placed outside of the tank to suspend the SMP sample at the surface of the 

water. The sample is suspended in a way such that the lower surface is submersed in water, and 

the upper surface is exposed to air. The FLIR C2 thermal imaging camera is fixed so that the 

images are focused around the exposure area of the FU, as shown in Fig. 2.3. The camera has an 

imaging rate of once every four seconds. Duration of sinusoidal exposure is 20 continuous 

seconds, with most thermal measurements reaching 40 seconds to capture cool down. Data is 
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processed with FLIR Tools software. Exposure power can be varied within the sample damage 

range. Figure 2.3c shows shape recovery of a SMP filament exposed to FU. 

The monomer and the crosslinker that are utilized for fabrication of the SMP filament during the 

experiments are Tert-Butyl acrylate (TBA) and Di (ethylene glycol) dimethacrylate (DEGMA) 

(molecular weight 550) respectively. The photo-initiator used for the UV curing process is 2,2-

Dimethoxy-2phenyl-acetophenone. All chemicals are purchased from Sigma-Aldrich, and are 

not altered prior to use. Molds are created with dimensions of 150 mm x 100 mm from clear 

ultra-scratch resistant acrylic, and sealed with Loctite silicon sealant. Thickness of polymer 

filaments developed is varied as per the needs of the experiment, but is typically 1.5 mm. Curing 

is completed with a 100 W Blak-Ray B-100 AP high intensity UV Lamp. 

Depending on the desired composition, TBA is mixed with DEGMA in different volumetric 

ratios of 80-20; 90-10; 95-5; and 100-0, respectively. The crosslinker-monomer combination is 

mixed well for ten minutes with a stir plate after adding 1 wt% photo-initiator. The mixture is 

then transferred to the acrylic molds for curing. The UV light exposure lasts 20 minutes for each 

mold. The prepared SMP is then removed from the mold. All SMP samples have a permanent 

shape of a flat rectangle. The SMP film is cut to the desired geometry by either scoring the 

material or use of a rotary tool. 
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Fig.  2.3. (a) Illustration of experimental setup; (1) the transducer resting on the bottom of the tank, (2) 

shape memory polymer sample is suspended by the sample holder at the surface of the water, (3) thermal 

imaging camera directed at the focal point of the transducer (indicated by a red circle), (4) and (5) the 

water tank, and the stand. (b) Experimental setup and (c) shape recovery of a SMP filament exposed to 

FU at different time steps during 20 seconds of FU exposure 

Dynamic mechanical analysis (DMA) is done for each of the aforementioned compositions. 

DMA measures storage modulus, Fig. 2.4a and Tan delta, Fig. 2.4b (Loss modulus and stiffness 

values are given in the supporting information; Figs. A2a and A2b, respectively). The ratio of the 

loss modulus to the storage modulus is the Tan delta and is often called damping. It is a measure 

of the energy dissipation from a material. A TA Instuments-Q800 DMA is used with an 

oscillation rate of 1 Hz. The data is collected in 0.5 C steps, and the temperature is ramped at a 

rate of 2 C per minute. DMA analysis and the preliminary experiments for shape recovery 

behavior show that 95%TBA-5%DEGMA is the most suitable composition and is used for all 
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further experiments and theoretical analysis in this chapter. The preliminary tests show that the 

other compositions are either too brittle to be used practically or are easily damaged even at low 

input power to the transducer.  

 

Fig.  2.4. (a) Storage modulus and (b) Tan delta obtained from DMA tests for different compositions 

A hot disk thermal constants analyzer is utilized for evaluating thermal properties of the SMP 

filament. The hot disk hardware consists of a Keithley 2000 voltmeter, a Keithley 2400 

sourcemeter, a Hot-disk bridge, and a computational device. After fabrication of SMP films, 14 

disks of 15 mm diameter and 1 mm thickness are cut with a rotary tool. These sheets are clamped 

tightly in the sample holder for testing. The measurement method is verified with solid porcelain 

and sheets of PMMA with known thermal properties. The values of mechanical and thermal 

properties extracted from DMA analysis and hot disk experiment for 95%TBA-5%DEGMA are 

reported in Table 2.1. These values are later used in the entire research work for theoretical and 

experimental analysis of SMP filaments. The results obtained from DMA tests are also used to 

set the values of following parameters for the mechanical modeling in ABAQUS as 
10 0.28C = , 

20 375C = , 1 20.07D =  and 2 40. 5000D = . 
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Table 2.1. Mechanical and thermal properties of 95%TBA-5% DEGMA polymer 

Property Value 

Tg 72 0C 

Density, mr  1100 Kg/m3 

Amorphous phase 

elastic modulus, 

aE   

1.66 MPa 

Glassy phase 

elastic modulus, 

gE  

2100 MPa 

Thermal 

conductivity, k 

0.175 W/m/K 

Specific heat 

capacity, hmC  

1050 J/kg/K 

2.3.2. Experimental results and acoustic-thermoelastic model validation  

The acoustic-thermoelastic model in section 2.2 is used to study the FU induced acoustic and 

thermal field as well as the shape memory behavior of the crossed-linked polymer. The 

theoretical acoustic pressure model is validated by finite-element simulation in COMSOL (Figs. 

2.5a and 2.5b) and experiments. The SMP filament is exposed to focused acoustic waves in fluid 

domain (water), and boundaries of the fluid domain are defined to allow no reflection by 

employing perfectly matched layers in COMSOL. For harmonic actuation at the resonance 

frequency (0.5 MHz) of the FU transducer and 6 W input power, Fig. 2.5a shows the relative 
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acoustic pressure field of the fundamental harmonic along axis of symmetry of the transducer, 

obtained from the KZK and finite-element models. The calculated acoustic pressure is 

normalized with respect to source pressure amplitude, 0p . A good agreement is observed 

between the finite-element simulations and proposed analytical-numerical multiphysics model. 

The sudden jump observed in the pressure field at 52mmz@  in Fig. 2.5a is due to the amplified 

effects of diffraction at the focal point and nonlinearity in the polymer. Figure 2.5b 

experimentally validates the temperature of the thermal field developed at the focal point for a 

sonication period of 20 s with finite-element analysis. The overall agreement of temperature and 

pressure values between experiments, finite-element analysis and acoustic-thermoelastic model 

proves the robustness of the theoretical model developed in this work. The parameters used in 

the acoustic model, accounting for gain, attenuation and nonlinearity effects in water and 

polymer are listed in Table 2.2. 

Table 2.2. Parameters for absorption, nonlinearity and gain used in KZK model 

Parameter Medium 

 Water SMP 

0a (dB/MHz/m) 0.217 82.5 

b 3.5 4.5 

G  20.87      11.25 
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Fig.  2.5. (a) Relative axial pressure and (b) temperature rise vs. time at focal point of transducer 

Figure 2.6 shows the thermal images of the polymer to demonstrate the temperature rise with 

respect to time corresponding to Fig. 2.5b. The heating of polymer is due to absorption of 

acoustic energy as a result of viscous shearing exerted by ultrasound focused waves and 

subsequent release of energy in the form of heat [52]. In the images, the highly concentrated spot 

in the center has the maximum temperature while the immediate surroundings outside of the 

focal spot has significantly lower temperatures. This shows a sharp temperature gradient from 

center to the edges of the polymer demonstrating the highly localized heating effect of FU. As 

seen in the temperature curve in Fig. 2.5b, after 20 s, the ultrasound is switched off and the 

polymer immediately begins cooling down which is shown by the sharp temperature decay. This 

ability to change the temperature of the polymer in short range of time shows the capability of 

FU to control the heating effect which is an important parameter to consider in designing of 

SMP-based CDD systems.  
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Fig.  2.6. Thermal images of the SMP filament exposed to ultrasound at the focal point of the transducer 

and the corresponding deformation with time; here i denotes the initial angle at temporary shape and f 

denotes the final angle after shape recovery. The red and blue triangles define the highest and lowest 

temperature locations in the image (the triangles only account for the portion of the image within the 

circle)  

Having validated the acoustic-thermal model results and identified the mechanical and thermal 

parameters, a three dimensional filament is modeled to investigate the shape recovery of SMPs 

thermally induced by FU. The simulations of SMPôs recovery process are performed by using a 

commercially available finite-element software package in ABAQUS (version 6.14, Dassault 

Systems Simulia Corp., Providence, RI, USA), with a user material subroutine (UMAT).  

The SMP filament is modeled in ABAQUS using the properties given in Table 2.1. For the 

filament, the symmetry in x-direction and y-direction is applied to nodes that are on the central 

cross section and perpendicular to the x-y directions. Referring to Fig. 2.7, a punch and a die, 

defined as analytical rigid parts, are also introduced for modeling the loading process. The die is 

fixed and the punch is constrained in x and y directions, 0xu =  and 0yu = , while only z-



33 

 

direction movement is allowed. Contact between the punch/die parts and the filament is modeled 

as frictionless and we assume there is no thermal transfer between punch/die parts and the 

filament. 

The initial temperature is set above the glass transition temperature and the filament is deformed 

at different angles ranging from 60o to 120o. After cooling and unloading, ultrasound thermal 

field data from acoustic-thermal model is imported and applied as a mapped temperature 

distribution field in the finite-element model, to simulate the heating stage of the mechanical 

model, at 6 W power of the transducer as shown in Fig. 2.7. The thermal field data obtained from 

section 2.2.2 is exported from 0 to 20 s, divided into 4 sub steps (0~1, 1~5, 5~10, and 10~20 s) 

and applied as boundary conditions successively in the heating stage in the model. The inset in 

Fig. 2.7 compares the experimental and model predicted values of change in deformed angle 

against time for a filament with temporary initial angle of 60o. According to Fig. 2.7 and Table 

2.3, the simulation results show a good agreement with experiments. 

Table 2.3. Experimental and simulation predicted change in initial angle (degree) upon shape recovery 

process of the SMP filament 

     Initial angle, iD        Final angle, fD  Angle change,D 

 Model  Experiment Model Experiment 

60 84.06 85 24.19 25 

90 110.14 110 20.23 21 

120 135.38 135 15.52 15 
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Fig.  2.7. Graphical representation of four stages specified in the mechanical model (section 2.2.3.). The 

SMP is first deformed into a temporary shape and cooled down, followed by unloading. It is then heated 

by the temperature distributions obtained from the acoustic-thermal model to facilitate shape recovery; 

the color bar is temperature in K. The inset shows the experimental and model predicted values of change 

in deformed angle of the SMP filament vs. time 

2.3.3. Effects of various parameters  

Experiments are conducted to estimate the threshold input acoustic power to the SMP filament 

beyond which the polymer gets damaged. Polymer filaments are exposed to input power ranging 

from 0-100 W. The filaments are then observed under OME-TOP metallurgical microscope PM-

304I at a resolution of 100ɛm. Experiments reveal that after a certain range of power, actuating 

polymers at higher powers result in surface scarring and cracking of the polymer filament as 

shown in Fig. 2.8. Besides visible changes, the polymer also undergoes structural changes such 

as temporary melting during ultrasound exposure which lead to unpredictable and non-repetitive 
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rise in temperature of the polymer. The threshold power range is found to be within 6 -10 W for 

the 1.5 mm thick filament above which the observed changes in temperature are non-uniform. 

 

Fig.  2.8. Surface images of the polymer filament exposed to (a) no acoustic power, and (b1) 25 W (b2) 

50 W (b3) 75 W (b4) 100 W 

In the usage of FU technology combined with SMPs for designing an ultrasound responsive 

SMP-based CDD system, focused acoustic waves are strongly affected by the mutual influence 

of diffraction, absorption and nonlinearity of the medium. Therefore, investigating the influence 

of these effects in the focal area, on the FU induced heat generation in polymer and the resultant 

shape recovery are clearly of importance. In this section, various acoustic parameters are 

investigated in the polymer domain and the resulting acoustic and heating responses are explored 

in both the time and frequency domains. The nonlinear acoustic-thermal model is then coupled 

with the constitutive equations of SMPs to explore the dependence of shape recovery on the 

nonlinear parameters and compared with the results reported in the literature. Specifically, the 

input power and frequency-dependent nonlinear effects on shape recovery are studied.  

Nonlinearity is a property which arises due to variation of speed of a propagating wave in a 

medium. Presence of higher harmonics due to transfer of energy from fundamental to higher 

harmonic components and distortion of waveform characterizes a nonlinear wave. The 

localization of the fundamental pressure field as well as the harmonics at the focal point is of 
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utmost importance in evaluating the thermal effects of FU on SMP filament, because the amount 

of energy deposition is directly proportional to frequency-dependent absorption and on higher 

frequencies according to Eq. 11. Thus, stronger nonlinear effects lead to stronger and higher 

number of harmonics creating enhanced localized energy deposition and therefore enhanced 

shape recovery of SMP.  

The relative pressure against axial distance from the transducer and the time histories of the 

relative acoustic pressure at the focal point, located in the polymer domain, are shown in Fig. 

2.9, in response to harmonic excitation of the transducer at 6 W and 0.5 MHz. To study the 

nonlinearity effects and distortion of pressure waves in our experiments, a simulation using KZK 

equation is performed for the experimental case study in section 2.2 with the parameters 

mentioned in Tables 2.1 and 2.2. Figure 2.9a shows that the fundamental component has the 

highest pressure amplitude which indicates that most of the energy is concentrated in the 

fundamental component, with the second harmonic having only small amount of energy due to a 

low pressure amplitude. The remaining harmonics have negligible pressure amplitudes and 

therefore, negligible energy. The results in Fig. 2.9b show that the transducer settings assigned 

for the experimental case study to obtain the results in Fig. 2.5, result in a weak distortion of the 

waveform from the linear case, due to low value of nonlinear parameter ,b, and energy 

contribution of only two harmonics (fundamental and second).  
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Fig.  2.9. (a) Relative axial pressure magnitude and (b) linear and nonlinear relative pressure waveform at 

6 W and 0.5 MHz 

Having validated the analytical-numerical acoustic model in Fig. 2.5a against FEM 

simulations for the experimental case study with weak nonlinear effects, finite cases with 

strong nonlinearity are considered next (which cannot be efficiently simulated in a standard 

FEM environment). With increase in b alone for the polymer, the variation of speed with 

pressure in the polymer increases, which leads to stronger nonlinear effects with stronger 

harmonics and more distorted waveform as shown in Fig. 2.10. The waveforms are obtained at 

higher power and frequency (20 W and 1.5 MHz) to observe the nonlinear effects at a reasonable 

spatial scale and these values are different from input values used for experiments. With increase 

in b in Fig. 2.10a, the peak amplitude of the waveforms become narrower and increase 

drastically due to cumulative effect of stronger harmonics. This is further demonstrated in Fig. 

2.10b where the increased transfer of energy from fundamental to other harmonic components 

with b leads to decrease in the relative pressure amplitude of the fundamental frequency and 

increased pressure amplitudes of higher harmonics. 
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Fig.  2.10. (a) Relative pressure waveforms and (b) amplitudes for first five harmonics at focal point for 

various nonlinearity parameter b  

Nonlinear effects become more dominant with distance as well [58]. The speed of a particle is 

different at various points in the waveform. Figure 2.11 shows the distortion of the waveform at 

four different points along the propagation axis at 1.5 MHz and 20 W of power with 12b=  in 

water and 13b=  in polymer. The values of b are chosen to observe the nonlinear effects at a 

reasonable spatial scale. The increased distortion of the waves with distance is due to the 

increased strength of harmonics with wave propagation in the medium, Fig. 2.11b. In other 

words, nonlinear effects cumulate with distance. However, we observe that at the focal point 

where SMP filament is located, the narrowing of the waveform and the strength of the harmonics 

is the maximum. This is due to the presence of polymer at the focal point which has a higher b 

as compared to water and thus has increased nonlinear effect on the propagating acoustic 

waveform as compared to distance.  



39 

 

 

Fig. 2.11. (a) Relative pressure waveforms (with reference pressure as maximum pressure 

magnitude maxp ) and (b) relative pressure magnitude in frequency domain at different positions along axis 

of transducer 

Absorption causes loss in the transmitted energy of the wave as it passes through a medium. The 

effect of absorption on wave attenuation is explained in section 2.2.1. The contribution of 

absorption to the pressure field is incorporated through the attenuation coefficient a  in the KZK 

model. To evaluate the influence of variation of attenuation coefficient of SMP at source 

frequency, 0a ,
 
on the distortion of waveform and generation of harmonics, simulations are 

performed at 20 W and 1.5 MHz, keeping other properties of the polymer according to Tables 

2.1 and 2.2. Figure 2.12 shows that with increase in attenuation coefficient of the polymer, the 

relative pressure amplitude and the number of harmonics do not increase or decrease. 

Attenuation counters the nearfield and nonlinearity effects. However, for focused sources [56] 

the effect of absorption on the waveform is significantly less in the nearfield region due to 

dominant effects of nonlinearity. Similar observations by Hart et al. [56] confirm the suppression 

of dissipation effects and their negligible influence on pressure field in the nearfield region.  
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Figures 2.13 and A3 show the relative pressure amplitudes at focal point in time and frequency 

domains for various excitation frequency and input power level, respectively. As input power is 

increased at a particular frequency, the amplitudes of all the harmonics increase, adding more 

energy available to each harmonic; however, there is no change in number of harmonics, Fig. 

A3b. This results in low distortion of the waveform for increasing input power, Fig. 2.13b. On 

the other hand, increase in frequency at a fixed power level gives rise to more number of 

harmonics and significant distortion of waveform, Figs. 2.13a and A3a. This occurs due to 

increased change of sound speed in the medium with increase in frequency. It is inferred that 

between the two transducer input parameters, frequency plays a more significant role, as 

compared to input power, in inducing nonlinearity in acoustic pressure field exposed to the SMP. 

The effects of acoustic nonlinearity on the induced thermal field in polymer is explained further 

in Fig. 2.14. 

 

Fig.  2.12. (a) Relative pressure waveforms and (b) amplitudes for first five harmonics at focal point for 

various attenuation coefficient, 
0
a  
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The concentration of the acoustic pressure fields of the higher harmonic components at the focal 

point leads to increased energy deposition because higher frequencies significantly influences the 

heating response of polymer, Eq. 11. From Figs. A3a and A3b, it is seen that at a particular 

acoustic pressure field in SMP domain, an increment in input power level causes more energy 

distribution from the fundamental to higher harmonics. Therefore, stronger high frequency 

components appear, as compared to applying an increment in the source frequency. Increase in 

power level enhances more localized energy deposition on the surface of SMP and therefore 

rapid increase of temperature. Figure 2.14 shows that the temperature rise rate in SMP with 

power variations is significantly higher than the temperature rise rate due to increase in 

frequency. As a result, the rise in input power level onsets an earlier shape recovery and plays a 

more influential role in triggering heating effect in the polymer filament. However, increasing 

power should be done with care since the experiments in Fig. 2.8 show that actuating polymers at 

higher power levels result in surface damages. It is concluded that, the acoustic nonlinearity has 

a significant role in controlling the onset of shape recovery in ultrasound SMP-based systems; 

increment in excitation frequency results in smoother shape recovery whereas increase in power 

level makes a sudden shape recovery of the SMP. 
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Fig.  2.13. Relative pressure (with reference as source pressure, 0p ) at focal point in time domain for (a) 

various source frequency and 20 W input power; (b) various input power at 1.5 MHz 

 

Fig.  2.14. Temperature vs. time plots at focal point for (a) various source frequencies and 20 W input 

power, and (b) various source input powers at 1.5 MHz. The inset graphs show the corresponding 

temperature rise rates (̄C/s) 

Simulations are performed to explore the effects of polymer constitutive composition on the 

shape recovery behavior of SMP filament at a fixed ultrasound actuation power. Reference 

temperature, rT  in Eq. 17, and the elastic modulus of amorphous phase, aE , are the two 

parameters considered as variables in the simulations, while all other parameters are kept 

constant. Figure 2.15a shows that the onset of shape recovery is delayed for the SMP with higher 
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characteristic recovery temperature ( 328KrT = ), however the recovery ratios do not show a 

uniform trend. Figure 2.15b shows that the SMP with higher elastic modulus in rubbery phase 

gives better shape recovery and therefore achieves larger change in initial angle. The reason is 

that the polymer with high elastic modulus (hard material) has a higher stored energy under the 

same deformation during loading stage as compared to a softer polymer with lower elastic 

modulus. Since for different compositions, the elastic moduli in glass phase are same, the 

polymer with larger stored energy has a better recovery ratio. 

Fig.  2.15. (a) Final angle vs. time for various (a) recovery temperature and (b) elastic moduli of 

amorphous phase 

The effects of increasing the crosslinker content on material properties are shown in Figs. 2.4 

and A2. In Table 2.4, the results from simulation show that the sample with heavier crosslinking 

(with higher elastic modulus in amorphous phase) will have more shape recovery, which is 

consistent with Fig. 2.15b. It is worth emphasizing that in Fig. 2.15, the reference temperature 

and elastic modulus of amorphous phase are the only parameters which are varied in the 

simulations which is not the case in Table 2.4 (both reference temperature and elastic modulus 

are different for various compositions). 
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Table 2.4. Simulation predicted final angles (degree) upon shape recovery process for various polymer 

compositions 

Composition (%TBA -%DEGMA)  Tg [ C̄] Final angle, fD  Angle change,D  

70-30 106 105.20 45.20 

80-20 78 87.87 27.87 

90-10 82 79.36 19.36 

To study the effect of geometric parameters and input power on the thermally induced shape 

recovery behavior of polymers, simulations are performed for varying thickness, width, initial 

angle of bending curvature of the filament and input power to the transducer. Figure 2.16a shows 

the final angle (the angle of the deformed area after undergoing shape memory behavior) with 

time for a 3 mm wide filament with initial deformation of 60̄ at 6 W of input power for varying 

thickness. The change in final angle and therefore shape recovery is more in thicker filaments. 

The reason behind this trend is the increase in the available sample volume with increased 

thickness for absorbing heat, resulting in increased bulk temperature of the exposed sample and 

therefore more shape recovery [55]. Thus, thickness plays an important role in determining shape 

memory behavior of a given filament.  

Figure 2.16b explores the effect of change in width of polymer filament on shape recovery 

behavior for a 1.5 mm thick filament with initial bending curvature of 60 ̄at 6 W. The increase 
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in width delays the onset of shape recovery and decreases the amount of shape recovery. It is 

observed that angle recovery onset time is related to the temperature at the edge nodes. Since the 

filaments have different width, the time taken by edge nodes of filaments with larger width to 

reach glass transition temperature is more. Thus, a larger width increases the zone of phase 

transformation and requires more time and energy to transform the overall exposed area and 

initiate the shape recovery, resulting in lesser change in initial angle.  

The simulations of the filaments for various initial radii of curvature, F are conducted for a 3 

mm wide and 1.5 mm thick filament heated at 6 W power of FU. Figure 2.16c shows that even 

though the filaments have almost same onset time, a sharper bending area leads to a larger 

deformation. Since the filaments have same width, the time for edge nodes on central cross 

section to reach the glass transition temperature is approximately the same. Hence, the filaments 

with different bending radius but same width have almost same recovery onset time. However, 

for a sharper bending area, the spreading phase transformation zone easily covers the whole 

bending area which results in a larger deformation for the sharper filament. 

Figure 2.16d shows the final angle with respect to time at various input powers. The thickness of 

the polymer filament is kept constant at 1.5 mm and initial angle of 60 ̄is used for all powers. It 

is seen that higher input power results in higher shape recovery (more change in initial angle) of 

the polymer. This is expected as the increase in power will result in increase in absorption of 

energy, Eq. 11, due to higher internal friction and therefore increase in energy subsequently 

released as heat [55]. As power increases, the bulk temperature crosses Tg at an earlier time step 

thus initiating early shape recovery. 
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Fig.  2.16. Final angle vs. time for various (a) thickness and (b) width of the SMP filament, (c) initial 

bending curvatures of the deformed area in mm, and (d) transducer input powers.  

2.4. SMP container design 

The theoretical model in this research aims to develop a mathematical framework for optimizing 

and evaluating the role of different input parameters, geometrical configuration, and medium 

properties on ultrasound actuated shape memory behavior of polymers through experimental 

validation. The efforts lead to propose a design for an ultrasound activated drug delivery 

container. A possible design for such a container is shown in Fig. 2.17. The 0.3 mm wide 

(diameter) container is a 2D representation of Fig. 2.1 and is composed of 0.01 mm thick layer of 

95% TBA-5% DEGMA kept at the focal point of the ultrasound transducer. Figure 2.17 shows 

the simultaneous displacement of the valve and diaphragm with time and the intermediary stages 
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due to shape recovery under FU at 6 W. The color contour gives the temperature distribution 

inside the container. 

The design proposes a novel mechanism for simultaneously opening the drug container and 

pushing the particles out, which will significantly improve the rate of drug releasing. The 

movement of valve with respect to diaphragm is shown in Fig. 2.18a. Figure 2.18b shows the 

normalized velocity (normalization is done with respect to the maximum velocity) of the 

diaphragm and valve is maximum within first five seconds suggesting the maximum release of 

drug particles occurs within first 5 seconds of ultrasound exposure. The time at which the 

normalized velocity attains maximum can be manipulated by varying the input power or 

geometric parameters of the container, thus controlling the drug release rate. Since the 

diaphragm velocity is lower than the valve velocity as shown in Fig. 2.18c, the drug release of 

particles is expected to be uniform, unhindered and regulated. It is worth noting here that we are 

only showing a proof of concept and the developed experimental-computational framework can 

be utilized for designing various ultrasound activated drug delivery containers, specifically 

tailored for different applications depending on the size of drug particles, target time for 

releasing the particles, and the size/shape of the container. This is the topic of a future 

communication by the authors.   
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Fig.  2.17. Thermal distribution of a container kept at focal point of the transducer; the color bar is 

temperature in K. The intermediary stages represent the movement of the valve with time due to shape 

recovery under FU 

 

Fig.  2.18. (a) Angular displacement of valve vs. transverse displacement of diaphragm of the container, 

(b) normalized velocity vs. time for diaphragm and valve, and (c) velocity vs. time for diaphragm and 

valve for the time range when they attain maximum 
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2.5. Conclusions 

This chapter aims to present a combined acoustic-thermal-structural model to predict the shape 

recovery behavior of polymers under focused ultrasound (FU). The numerical model provides 

the basis for designing spatially and temporally controlled drug delivery (CDD) systems. A 

theoretical framework is used to predict acoustic pressure field due to focused transducers, and 

the acoustic model is coupled with a thermal model to predict the developed temperature field 

due to FU. The thermal field is then coupled to the mechanical model which solves for the 

stresses developed in the polymer and predicts the shape recovery of the system. Experiments are 

conducted to validate the numerical model. In addition to successful model validations against 

3D finite-element simulations, a study on the effects of several system parameters is performed. 

The model is used to explore the effects of medium properties (nonlinearity and absorption), 

geometrical properties (thickness, width and initial deformation of the polymer filament) and 

input parameters (power and frequency) on shape recovery behavior of the polymer. The results 

show that while input source frequency has more influence on nonlinearity, input power plays a 

major role in achieving high temperature rise rates and thereby faster onset and increased shape 

recovery. Observations related to medium properties show that the coefficient of nonlinearity of 

the medium plays a significant role in distorting the waveform and generating more harmonics, 

thus increasing the energy deposition at the focal point and enhancing the shape recovery 

behavior. Our results will pave the way for designing more efficient drug delivery capsules at 

meso to nanoscale, and will shed light into the details of utilizing FU for stimulating SMP-based 

mechanisms in drug delivery applications. 
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Appendix A 

A1. Focused ultrasound (FU) induced pressure field in medium; linear 

acoustic model 

An analytical model is developed to obtain the ultrasound pressure field from a spherical 

concave transducer in fluid domain. The model is based on OôNeilôs method and is used to 

calculate a linear pressure field at the focal point of the curved transducer [63]. It is assumed that 

the amplitude of acoustic waves is sufficiently low so that the acoustic field can be considered as 

linear where the effects of absorption and nonlinear distortion are negligible. Diffraction effects 

are also neglected as the diameter of the transducer is assumed to be considerably large as 

compared to the wavelength of the transducer. The analytical solutions describe the pressure 

field along the axis of symmetry and in the focal plane of the transducer having the geometric 

properties as shown in Fig. 2.2 [63, 96]. Under the given assumptions, the velocity potential F 

in the region of a curved transducer is given as 

 
2
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where u  is the harmonic normal velocity of the transducer surface given as 0
i tu u ew=  and 0u  is 

the velocity amplitude. The surface of the transducer, S, is composed of several point source 

elements, which focus acoustic waves at the focal point. In Eq. (A1.E1), l  is the distance from a 

source point lying in surface element dS, to the point of observation Q. The wavenumber k  is 

defined as / 2 /k cw p l= =  where c  is the sound velocity, w is the angular frequency of 
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acoustic wave in the domain and l is the wavelength (i is unit imaginary number). Using Eq. 

(A1.E1) the acoustic pressure field is defined as /p t i kcr r= µF µ = F, where r is the acoustic 

medium density. 

A1.1. Acoustic pressure along axis of symmetry of transducer and in focal plane.  

For ease in calculations, the velocity potential in Eq. (A1.E1) is converted from cylindrical 

( , ,Z Ry) to spherical ( , ,r g y) coordinates. From Fig. 2.2, the spherical geometry of transducer 

is related to its dimensions as cosZ r g=  and sinR r g= . The velocity potential in spherical 

coordinates is 

2

1

0 0

( , )
2

r

iklu
r l e r dr d

p

g b
p

¡¡

- - ¡ ¡ ¡F = ññ  (A1.E2) 

where r¡¡ is the distance from the center of the transducer to the edge boundary given as 

2 2 2r h a¡¡= +  and 2 cosr D a¡=  as shown in Figs. 2.2 and A1. The term r dr db¡ ¡ ¡ in Eq. 

(A1.E2) represents the surface element dS, in Eq. (A1.E1), in spherical coordinates. The focal 

depth is represented with D, a  is the radius of the transducer and h  is the depth of the concave 

surface. In Eq. (A1.E2), b y y¡ ¡= -  (y¡ is the azimuthal angle at the transducer surface), db¡ 

represents a small change in angle b¡ and l  in spherical coordinates is given as 

2 2 1/2( 2 sin sin cos )l r r r mra g b¡ ¡ ¡= - + , where 
21 2 /m h z r¡ ¡¡= - ( z¡ is the axial distance from 

origin O  at the transducer surface to point of observation Q ). The wavelength l and depth h  
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are assumed to be comparatively small as compared to radius a  to satisfy the assumptions used 

in Eq. (A1.E1). 

For obtaining acoustic pressure on the axis of symmetry, b¡vanishes and Eq. (A1.E2) becomes 

1
( )

D

ik l i k z ik D

z

u
e dl u e e

m ikm

¡

¡ ¡- - -

¡

F= = -ñ  (A1.E3) 

where D¡ is the distance of Q (located on symmetrical axis) from the edge boundary at r¡¡ (Fig. 

A1) and given as 
2 2 1/2 2 2 1/2( ) [( ) ]D z mr z h a¡ ¡ ¡¡ ¡= + = - + . To separate the amplitude and the 

phase factors in Eq. (A1.E3), two parameters d and C  are introduced as D zd ¡ ¡= -  and 

( ) / 2C D z¡ ¡= + . Equation (A1.E3) in terms of d and C  is 

/2 /2 ( )

0( ) / /i k i k i k C i t k Cu e e e ikm u Pe kd d w- - -F= - = , where =2sin (k /2) /P md . The corresponding 

axial acoustic pressure is given as ( )

0

i t kCp i k c i cu Pewr r -= F= . Figure A1b shows the relative 

pressure along symmetrical axis where 0p  is the characteristic acoustic pressure at the surface of 

the transducer; the maximum pressure is achieved at focal point / 1z D¡ = . For a transducer with 

an input power, P¡, the characteristic source pressure, 0p , is calculated as 
2 1/2

0 (2 / )p cP ar p¡=  

[97].
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Fig. A1. (a) Geometrical details of the transducer with point of observation on the axis of symmetry, (b) 

relative acoustic pressure along axis of symmetry and (c) in focal plane 

To calculate acoustic pressure in the focal plane z D¡= , Eq. (A1.E2) is modified as  

( , ) ( )
2

ikrp e
r u S F g

ik c r
g

r p

-å õ
F = = æ ö

ç ÷
 (A1.E4) 

where 2

2 10
( ) (2 / ) ( 1) ( / ) ( )j j

jj
F g g h a J g

¤

+=
= -ä  and the variable g  is expressed as 

(1 / ) sin sing i kr k a k ag g= - = . Here 2 1( )jJ g+  represents the Bessel function. Figure A1c 

shows relative acoustic pressure at the focal plane where peak pressure occurs at focal point 

( 0R= ). The  
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closed-form solutions are possible only for linear regime. To account for nonlinearity, absorption 

and diffraction effects in both fluid and polymer domains, numerical approach is adopted to 

obtain the acoustic pressure field by focused transducers, which is discussed in detail in the 

following section. 

A2. DMA reported loss modulus and stiffness for various TBA-DEGMA 

compositions 

 Fig. A2. (a) Loss modulus and (b) stiffness curves obtained from DMA tests for different compositions; 

the legend used in these two plots is consistent with Fig. 2.4.  



55 

 

A3. Fast fourier transform of pressure waveforms at focal point for various 

power and frequency; corresponding to Fig. 2.13 

 Fig. A3. Relative pressure (with reference as source pressure, 0p ) at focal point in frequency domain (a) 

for various source frequency and 20 W input power (b) for various input power at 1.5 MHz 
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Abstract   

Advancements in controlled drug delivery (CDD) technology still face major challenges in 

practice, including chemical issues with synthesizing biocompatible drug containers, releasing 

the pharmaceutical compounds at the targeted location in a controlled time rate, and using an 

effective and safe trigger for initiating the drug release. This work aims to overcome these 

challenges by employing biodegradable shape memory polymer (SMP) based drug-delivery 

containers. Besides biological safety, biodegradability ensures that no further surgery will be 

needed for the removal of the containers. Focused ultrasound (FU) is used as a trigger for 

noninvasively stimulating SMP-based drug capsules. FU has a superior capability to localize the 

heating effect, thus initiating a controlled shape recovery process only in selected parts of the 
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polymer. The current research uses a mathematical multiphysics model which performs an 

acoustic-thermoelastic analysis, to optimize the design of SMP containers. The proposed designs 

exploit various acoustic parameters such as nonlinearity, absorption, and diffraction effects, as 

well as input power and frequency of the propagating acoustic wave to attain the desired shape 

recovery. The acoustic-thermoelastic effects on the SMP containers are studied with the help of 

finite-element methods. Multilayer simulations are performed at a millimeter scale to mimic the 

in vivo conditions of a drug delivery container travelling inside an artery. It is shown that 

velocity of the drug particles can be controlled and directed towards a desired location by 

manipulating the shape recovery rate and consequent motion of the SMP containers. In order to 

realize the drug capsule designs, several geometrically simple 3d printed samples are tested to 

understand how 3d printed patterns affect the shape recovery behavior. 

3.1. Introduction  

The method of drug administration is of utmost importance as it affects drug pharmacokinetics 

inside the body. Conventional drug delivery mechanisms involved administration of drugs in the 

form of oral tablets or injecting intravenous/intramuscular solutions. Such delivery methods limit 

drug efficacy due to lack of targeted delivery, need of higher dosage, frequent drug 

administration, higher toxicity, and adverse side effects [1]. 

In order to achieve drug efficacy among patients, recent years have seen immense growth of drug 

delivery systems to achieve therapeutic specificity, localized and controlled delivery. Equally 

important is to suppress opsonization and prevent cytotoxicity due to the material of the device 

and its degradation products [2, 3]. Polymers are one such class of materials that have shown 
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immense potential for manufacturing controlled drug release systems because of their ease in 

manufacturing, availability, cost and tunable physical and chemical structure [4]. Increasing 

efforts are being made by scientists to use polymers for making biodegradable and biocompatible 

micro and nanoscale drug carriers.  

Common categories of microscale CDD systems include matrix-based systems, reservoirs and 

chambers, chemically regulated degradable or erodible devices, microscale pumps, and valves 

among others [4]. Cell chambers which can manufacture drugs within the chambers, while 

remaining isolated from immune response show controllable release rates of the desired 

therapeutic compounds. However, such chambers have limitations on the continuity of the 

nutrient supply to the chamber cells after implantation [5]. Injectable CDD systems such as 

hydrogels regulate drug release by controlling the mesh size of the swollen polymer networks. 

Cellulose-based self-assembling hydrogels provide sustained release of proteins for up to 160 

days [6]. Microspheres are another class of CDD which can transport drugs across blood-brain 

barrier and tumor cells due to their small size [7].  

However, in the last decade, CDD systems have experienced a significant shift towards 

nanotechnology because of the advantage of smaller size and high surface to volume ratio. 

Polymer based nanoparticles, liposomes, and micelles are the dominant class of nano-range drug 

release mechanisms. PEG coatings and ligand based targeting have enhanced the stability [8] and 

the specificity of nanoparticles [9]. Effective penetration of neuroleptics across the blood brain 

barrier was achieved with poly(oxyethylene)-poly(oxypropylene) block copolymer micelles 

conjugated with antibodies [10]. N-(2-Hydroxyl) propyl-3-trimethyl ammonium chitosan 
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chloride nanoparticles sized 110-180 nm showed 90% encapsulation efficiency of bovine serum 

protein [11].  

The above mentioned examples are only a handful of the extensive research done in the field of 

micro and nano drug delivery systems [12]. However, most of the research is still largely 

experimental and not in commercial use. Nano devices though promising, have only proved to be 

successful for targeted drug delivery to tumors.  High initial burst release, low bioavailability [3], 

and premature release due to hostile environment are few of the hurdles limiting effective CDD 

devices. To overcome some of the challenges of the existing drug delivery systems, scientific 

community has increased its attention towards intelligent and combinatorial mechanisms.  

Intelligent or smart devices provide an active and a more controllable form of drug delivery. Use 

of smart materials with properties sensitive to various stimuli in the surrounding environment, in 

combination with optimum sized micro and nano-scale devices, is the emerging trend in 

nanomedicine [13, 14]. pH-responsive multiblock polyurethane nanocarriers exhibited controlled 

release of paclitaxel with excellent antitumor activity in mice [15]. Ding et al. [16] prepared 

smart core-shell-corona hybrid nanogels by entrapping magnetic nanoparticles inside a silica 

shell and encapsulating the shell with thermo-responsive polymer. 

This work aims to provide a novel alternative approach to make CDD systems by combining the 

shape memory properties of thermo-responsive polymers with a controllable and non-invasive 

stimulus; focused ultrasound (FU). Shape memory polymers (SMPs) are light-weight, 

inexpensive, able to undergo large deformations, have good mechanical strength, and have a 

controllable physical and chemical structure [17, 18]. These properties are some of the essential 
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attributes of drug delivery devices. Medical community is increasingly adopting biocompatible 

and biodegradable SMPs in medical applications such as stents for cardiovascular applications 

and scaffolds for tissue engineering among others [19-21]. In parallel, the use of FU has been 

well researched for biomedical purposes especially for drug delivery from polyelectrolyte micro-

containers [22], polymer micelles [23, 24], and multi-layered capsules [25]. FU provides a non-

invasive, biologically safe and a more flexible thermal trigger as compared to body heat. 

Focusing ultrasound in an area of approximately millimeter scale causes selective and localized 

heating of the target medium [26, 27]. Recently in our group, Bhargava et al. [26, 28] 

demonstrated the effect of various parameters such as geometric and material properties of 

SMPs, power and frequency of the applied acoustic pressure field on the shape recovery of a 

polymer filament, during 20s of FU actuation. By considering a polymer filament as a 

fundamental element for design of any SMP based drug delivery container, the authors 

demonstrated the controllability of FU on the thermally induced shape memory response and 

consequently the drug delivery rate from SMP containers. Thus, ultrasound actuated thermo-

responsive shape memory polymers have significant potential as a more active and 

biocompatible method to non-invasively control the drug delivery rate. 

In this chapter, we study the effects of FU on artery-scale SMPs in heterogenous environments. 

We use our previously built analytical acoustic-thermoelastic model [26] to analyze the in vivo 

shape memory response of biocompatible polymers. The model effectively predicts the influence 

of acoustic source, propagating medium and polymer geometric properties on the deformation 

behavior of a SMP inside a blood artery model. It is also shown that by varying the different FU 
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and SMP parameters, the desired drug delivery rate can be achieved from the drug carrying 

containers, solving some of the challenges of existing drug delivery mechanisms. Various drug 

delivery capsule designs are proposed based on the optimum conditions predicted by the 

analytical model. One of the proposed designs is of a container shape inspired from a flower as 

shown in Fig 3.1. Figure 3.1 depicts the cyclic shape recovery behavior where the first stage is to 

forcibly deform the permanent structure (open shape) of the container into a temporary closed 

shape on heating, thereby enclosing the drug particles inside the container. The second stage is 

fixing the temporary shape by cooling it while the drug particles remain inside it. At this stage, 

the container can be injected into the body. The third stage is exposing the container to 

ultrasound irradiation which results in the shape recovery of the container. The shape recovery 

mechanism is built on the idea of simultaneously opening the container and letting the drug 

particles out at a desired rate by pushing the diaphragm (bottom portion of the design) upwards 

at a desired speed determined by ultrasound induced thermal actuation. In order to realize 

different drug capsule geometries, different 3d printing patterns are looked at to assess how the 

printed patterns affect shape memory behavior. 

3.2. Theory 

The multiphysics theoretical model developed in this work studies the acoustic-thermoelastic 

interaction of SMP filaments with FU. The model is divided into three interconnected parts. The 

first part analyses the acoustic pressure field, p , using KhokhlovïZabolotskayaïKuznetsov 

(KZK) equation [29, 30] in a multilayer domain, starting from skin up to the deepest artery wall 

inside heart. The SMP is placed inside the artery to achieve maximum drug delivery to the target. 
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The equation takes into account the diffraction, attenuation and non-linear effects of the wave 

propagating medium and numerically solves it using operator-splitting method in a hybrid time-

frequency domain. The second part evaluates the thermal field developed inside SMP due to 

absorbed acoustic energy, using Penneôs Bioheat equation, Eq. 10 of chapter 2 [31]. The third 

part calculates the thermally induced mechanical strains inside the SMP. The subsequent shape 

recovery is estimated using a constitutive model (section 2.2.3) which is numerically 

implemented in a user material subroutine (UMAT) in ABAQUS. The equations below are a 

brief review and the complete analytical model is explained in detail in our previous works [26, 

28]. The results from the analytical model are verified using COMSOL Multiphysics for a 

multilayer domain. The model is then used to optimize the complex 3D designs of drug delivery 

containers, which are then implemented in the finite-element method to study the controlled drug 

delivery behavior under biologically safe thresholds. 

3.3. Results 

3.3.1. Model validation for multi-medium environment 

The analytical model developed in our previous work studied the acoustic-thermoelastic 

behavior of SMP submerged in a water domain and exposed to FU. The model was validated 

with finite-element methods and experiments to accurately predict the shape recovery behavior 

of a polymer filament [26]. To understand this behavior in an in-vivo environment, the SMP is 

considered to be placed inside a blood artery of a heart so that maximum drug delivery to the 

target (heart) can be achieved. The current work makes use of the previously built validated 

analytical model to show the effect of multiple domains (multiple layers between skin and artery) 
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on the acoustic and thermal fields of SMP exposed to FU. In order to emphasize the effect of 

multiple layers of tissues inside the body, a comparison is drawn between a SMP filament kept in 

water domain and a SMP filament kept inside the body (Figs. 3.2 and 3.3). The predicted values 

of acoustic and thermal fields from the analytical model are validated with finite-element 

simulations in COMSOL and a good agreement is observed. The acoustic and thermal properties 

for various tissues and polymer are taken from literature and our previous study, respectively 

[32]. 

 

Fig. 3.1. The graph depicts the heating and cooling cycle of a flower shaped drug delivery container that 

undergoes ultrasound induced thermal actuation in the last stage, leading to release of the enclosed drug 

particles at the last stage. 
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Figure 3.2 shows the relative acoustic pressure field of the fundamental harmonic along axis of 

symmetry of the transducer at a source frequency (0.5 MHz) and 15 W input power of the 

transducer. The reduction in relative pressure amplitude in multi-layer domain is due to the high 

attenuation coefficients of tissues, particularly of fat. The amplified effects of diffraction and 

nonlinearity inside SMP as compared to surroundings cause a sudden jump in the pressure 

amplitude at the focal point of transducer ( 52 mmz@ ). The oscillations in the pre-focal region 

are assumed to be due to standing waves, numerical dispersion and Gibbôs phenomenon [33]. 

Figure 3.3 shows temperature rise of the polymer at the focal spot during 20 s of ultrasound 

exposure. The percentage of temperature reduction at focal point between single and multiple 

domain modelsthe is higher as compared to pressure reduction between the two models. This is 

due to the dominance of nonlinear effects over attenuation effects in the nearfield region which 

leads to significantly lower influence of absorption coefficient on pressure field as compared to 

thermal field in polymer, Eq. 10 of chapter 2 and Refs. [26, 34]. 

 

Fig.  3.2. Relative axial pressure along axis of symmetry of transducer in (a) water domain (b) blood 

artery inside heart. Both domains have SMP placed at the focal point. Normalization is done with respect 

to source pressure,0p . 
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Fig. 3.3. Temperature rise at the focal point of transducer in (a) water domain (b) blood artery inside heart 

at 15W and 0.5 MHz. Both domains have SMP placed at the focal point. 

3.3.2. Acoustic-thermal study of wave propagation in a muti-layer domain 

One of the major concerns in the medical community related to the use of thermal trigger for 

effective drug delivery is of potential damage to the surrounding environment. The use of FU 

and a SMP is a promising solution to this problem. Figure 3.4 shows two-dimensional acoustic 

and thermal fields in a multi-layer domain calculated using finite element methods. It can be seen 

that most of the energy is concentrated in the focal region inside SMP, whereas the level of 

acoustic and thermal energy concentration in all tissues is well below the FDA approved 

threshold energy level (Spatial-Peak Pulse-Average Intensity =190 W/cm2 ) [35, 36]. This is 

further demonstrated in Fig. 3.4d which compares the temperature rise inside different tissues 

along the path of ultrasound actuation of SMP, for 20 s of sonication period. It is seen that the 

maximum temperature in blood and artery wall (@ 57oC) is attained for less than a second which 

is insufficient for causing thermal ablation [37]. Thus, it is inferred that FU actuated drug 

delivery containers can be operated at biologically safe conditions and are capable of producing 

localized responses. 
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3.3.3. Geometrical investigation of drug delivery capsules 

The multi-domain acoustic-thermoelastic model is an efficient way of optimizing and 

customizing external properties such as FU power, source frequency and geometrical properties 

of the polymer. Having validated the thermal safety of using FU actuated SMPs inside the body, 

few designs of the drug delivery containers are proposed based on the analytical model, Fig. 3.5. 

In order to maintain brevity, only one of the designs is explained in detail in this work. The 

purpose of demonstrating these CDD container designs is to elaborate the ease and flexibility of 

designing at different length scales which SMPs offer as compared to other drug delivery 

mechanisms. The external FU induced shape recovery has an advantage of offering mechanical 

control on drug release over chemically controlled systems. Figure 3.6 shows the displacement 

and normalized velocity profiles of a 2 (diameter) x 2 mm flower shaped capsule at 15 W of 

power and 0.5 MHz. These geometrical dimensions enable the capsule to flow freely inside an 

artery having a lumen diameter of 6 mm. The simultaneous angular movement of valve with 

respect to upward displacement of diaphragm exhibits a quadratic relationship (Fig. 3.6a). This 

shows that the valve moves faster, thus pushing the drug particles (resting on the diaphragm 

initially) out of the container unhindered. This is further detailed in Fig. 3.5b where a higher 

normalized velocity of valve as compared to diaphragm insures a regulated and uniform passage 

of drug particles into the bloodstream. A small jump in the velocity profile at approximately 10 s 

can be seen. It is due to the method of implementing thermal data in ABAQUS to analyze 

mechanical stresses. The thermal data is divided into two halves from 0 to 10 s and 10 to 20 s 
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which results in a smooth response in these ranges but a discontinuous response between the two 

occurs. 

 

Fig. 3.4. 2D representations of (a) acoustic pressure field (Pa), (b) acoustic intensity (W/m2) and (c) 

Thermal field (oC) in a multilayer domain. (d) Temperature rise in different tissue layers during 

ultrasound actuation of SMP inside the artery. 

3.3.4. Effects of acoustic parameters on drug delivery containerôs motion 

To study the amount of controllability that FU offers on the drug release, simulations are 

performed for various power and source frequencies of the transducer (Fig. 3.7). It is observed in 

Fig. 3.7a and 3.7c that with an increase in power, the onset of shape recovery is accelerated and 

both angular and axial velocity increase by one order of magnitude for 250% increase in input 

power. This is expected as higher power leads to more energy deposition in the polymer [28], 
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leading to faster and more shape recovery. A similar behavior for axial velocity is observed with 

increase in acoustic wave frequency, however, its effect on the velocity magnitude is less than 

that of power (Fig. 3.7b and 3.7d). This is due to the increase in number of harmonics 

concentrated at the focal point leading to an increase in the cumulative heating rate of polymer 

(Eq. 21 of Ref. [26]) and consequently developing higher thermal stresses with increase in 

frequency. A higher normalized angular velocity is seen at 0.5 MHz as compared to 1 MHz in 

Fig. 3.7d. It is reasoned that this behavior is due to better uniform distribution of temperature at 

resonant frequency (0.5 MHz) as compared to 0.75 MHz and 1 MHz, thus giving higher angular 

velocity to the valve and better shape recovery. The variation in shape recovery with power and 

frequency can be exploited to choose the onset time and the amount of drug release as required. 

Figure 3.7 shows that by varying these two parameters, an efficient control on different parts of 

the container design can be achieved, which consequently influences the drug delivery rate, thus 

solving some of the challenges in CDD such as high initial burst release, maintaining the order of 

delivery rate, and bioavailability among others. 

 

Fig. 3.5. Proposed capsule designs. (a) A flower shaped SMP capsule. (b) A box shaped capsule. (c) A 

star shaped capsule where drug particles are stored in the individual arms of the star and releases upon 

actuation of each arm separately. 
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Fig.  3.6 (a) Angular displacement of valve with respect to diaphragm of the container (shown in inset) 

and (b) normalized velocity with respect to time in log scale, of the diaphragm and valve during shape 

recovery behavior. Normalization is done with respect to the maximum velocity. w is the diaphragm axial 

displacement. 

3.4. 3d-printed SMPs 

To realize the proposed drug capsule designs shown in Fig. 3.5, 3d printing technique is 

considered. 3d printing is a powerful technique with the capability of producing a wide variety of 

complex shapes with high accuracy. 3d printing of SMPs, also known as 4d printing, has recently 

gained attention due to reduced costs, ability to print multiple materials into one object, and 

simplicity of the printing procedure [38]. Many printing techniques such as fused-deposition 

modeling, direct ink writing, and stereolithography are currently being used to achieve 4d 

printing of polymers [39-41]. Ge et al. [42] used projection microstereolithography technique to 

photo-cure methacrylate based copolymers with highly tunable thermomechanical properties. In 

this work, extrusion based 3d printing using Ultimaker 3 is performed in collaboration with 

Medshape company. Various 3d printed patterns and shapes, as shown in Fig. 3.8, are composed 

of a thermoplastic polymer, Polyurethane. These samples have a transition temperature of 

approximately 60oC, as determined by the DMA analysis shown in appendix B. Out of these 
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patterns, various samples with different geometries are obtained from Medshape. Table 3.1 lists 

the geometrical properties of these samples. The table assigns a sample number to each unique 

sample with its corresponding shape and pattern shown in Fig. 3.8. 

 

Fig.  3.7. Normalized axial velocity of diaphragm for various (a) input power and (b) source frequency. 

Normalized angular velocity of valve for various (c) input power and (d) source frequency, during 20 s of 

ultrasound actuation. 
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Fig.  3.8. Dogbone shape with (S1) criss-cross and (S2) longitudinal 3d printed patterns. Rectangular 

samples with (S3) criss-cross, (S4) longitudinal, and (S5) transverse 3d printed patterns. Hollow gyroidal 

shape samples with (S6) small width and (S7) large width. 

To find the optimum 3d printed pattern and geometry for maximum shape recovery, experiments 

are conducted using the setup in our previous work [26]. The setup consists of a 61.5 × 31.8 × 

32.5 cm3 water tank lined with absorbing sheets to avoid sound reflection from the tank walls, 

Fig. 3.9a. Degassed water is used to avoid any bubble cavitation at high levels of ultrasound 

intensity. A H-104 SONIC Concepts high intensity focused ultrasound (HIFU) is placed at the 

bottom floor of the tank, Fig. 3.9a. The polymers are suspended at the focal point of the 

transducer as shown in Fig. 3.9b using a positioning system. The polymers are first deformed in 
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a V-shape by applying force under a heat gun. At high temperatures, the polymers are in 

amorphous phase and thus, easily deformable. Once cooled, the V-shape is fixed. The polymers 

are then suspended in the water tank to examine shape recovery under ultrasound exposure. Two 

sets of experiments are conducted; first, when polymer is mostly exposed to air (Fig. 3.9b1) and 

second, when the SMP is completely immersed in water (Fig. 3.9b2). 

Table 3.1. Geometry of the samples used in experiments 

 
 

Figure 3.10 shows the amount of shape recovery of the samples listed in Table 3.1 in terms of 

angle change. This angle change is the angle between the lines joining the red dot in Fig. 3.9b 

with the tip of the free polymer arm, at the beginning and the end of ultrasound actuation. For 

gyroidal shapes, it is difficult to measure the angle change due to the bulk expansion of the 

sample. Figure 3.11 shows the shape recovery graphically for wide and thin gyroidal samples in 
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air and underwater, as observed in experiments. It is seen that shape recovery is higher in air as 

compared to underwater for all samples. 

 
 

Fig.  3.9 (a) Schematic of the experimental setup consisting (1) FU transducer, (2) SMP filament, (3) 

positioning system, and (4) water tank. (b) Magnified images of a temporarily deformed SMP filament 

suspended in (b1) air and (b2) underwater. The polymer is kept such that the focal point lies inside the 

bent thickness of the filament. 

 

Two possible reasons for this behavior are, first, fluid loading effects which provide added 

damping to the motion of the sample in dense fluids [43]. Since water is 1000 times denser than 

air, the former provides higher added damping and reduces the amplitude of recovery response 

more as compared to air. Second possible reason is the thermal cooling of water which leads to a 

lower temperature rise in water as compared to air. As the temperature rise is proportional to the 

amount of shape recovery, as seen from the mechanical constitutive model, the shape recovery 

reduces in water. It is also seen that samples with the least width show the maximum shape 

recovery. Here, dogbone samples 1 and 2 have the highest shape memory response. This is also 

in agreement with our previous results in chapter 2 where it was argued that large widths have 
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more area which has to undergo phase transformation. Thus, large widths show less recovery for 

a given duration of FU actuation. Among the various 3d printed patterns, criss-cross 3d 

patterning (sample 1,3, and 6) for the same width has shown the best shape recovery. Since 3d 

printed pattern directly determines several thermomechanical parameters, it is postulated that 

criss-cross pattern may be exhibiting higher heat capacity, better thermal conductivity, or lower 

elastic modulus. These parameters ultimately contribute to better shape memory behavior of the 

criss-cross polymer as compared to other 3d printed patterns.  

Another interesting behavior is seen in gyroidal samples. It is observed that when these polymers 

are compressed, they do not show any recovery response for all levels of source input power. 

However, when these samples are somewhat bent, as shown in Fig. 3.11, the sharp angle allows 

strain concentration which enables the polymer to respond. This behavior agrees with our 

previous results where it was concluded that sharper bent angles exhibit better shape recovery. 

Since highly bent zones have a small zone of strain concentration, the size of the zone becomes 

comparable to the focal area of incident ultrasound. Thus, they tend to recover faster and by a 

higher amount as compared to the samples where the strains are distributed in a large area (such 

as in compressed samples). The overall performance in shape recovery of the gyroidal sample is 

the lowest as compared to dogbone and rectangular samples. It is hypothesized that the hollow 

pattern of the gyroidal samples doesnôt allow uniform temperature distribution. As the polymer 

initiates shape recovery once all or most of the volume has transformed to amorphous phase, this 

irregular temperature distribution transforms the phase in random pockets, which hinders the 

shape recovery response. 
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Fig.  3.10. The amount of ultrasound induced shape recovery for different samples in Table 3.1, when 

polymer is suspended in air (Fig. 3.9b1) and underwater (Fig. 3.9b2). The angle change is the angle 

between the lines joining the center of the bent area (red dot in Fig. 3.9b) with the tip of the free polymer 

arm at the beginning and end of shape recovery. 
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Fig.  3.11. Shape recovery for (a) thin and (b) wide gyroidal samples in air, and (c) thin and (d) wide 

gyroidal samples immersed in water. The red dot traces the movement of the tip (red circle) as the sample 

undergoes shape recovery due to ultrasound actuation. 

3.5. Conclusions 

This work aims to extend the previous work of the authors [26, 28] and to demonstrate the ability 

of FU actuated biocompatible SMPs to perform controlled drug delivery in in-vivo conditions. 

The acoustic-thermoelastic model is used to analyse the drug delivery behaviour of SMP-based 

capsules inside an artery of a heart. Validation of the analytical model with COMSOL 
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multiphysics simulations shows good agreement for a multi-domain system. Comparisons 

between acoustic and thermal fields of SMP in single and multiple domains are performed to 

emphasize the attenuation and nonlinear effects of different tissue layers. Maximum 

concentration of ultrasound energy and localized temperature rise of the SMP shows that the 

usage of SMP based systems is biologically safe, without any thermal damage to the surrounding 

environment. Various artery-scale designs are proposed to emphasize the advantage of using 

mechanically controlled active drug delivery systems due to flexibility of design, ease of 

manufacturing, control on the order of drug release rate and availability of the drug at the target 

site. Variation in external parameters such as source power and frequency further elaborates that 

different desired drug release rates can be achieved with simple manipulation of FU. To realize 

the capsule designs further, 3d printing technique is examined. Various 3d printed samples are 

tested with geometrically simple shapes to examine the effect of the pattern of printing on shape 

recovery behaviour under FU, experimentally. Our work provides an efficient and potential 

alternative to the existing controlled drug delivery mechanisms and paves the way for intelligent 

microscale CDD devices. 

Appendix B 

DMA results of the dogbone samples obtained from Medshape shown in Figs. 3.8.S1 and 3.8.S2. 
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Figure B1. (a) Storage modulus, (b) Loss modulus, and (c) Tan delta of S1 and S2 samples obtained from 

DMA analysis 
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