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 In this paper, we are proposing a device that generates vibration to possibly reduce the 
duration required for the orthodontic treatment by enhancing the tooth movement. This is 
achieved by harmonically exciting a bio-compatible material, namely polyvinylidene 
fluoride (PVDF) to generate vibration and consequently a cyclic force at a low frequency 
of 30 Hz. (PVDF) is a very common piezoelectric polymer due to the high elasticity it can 
provide, biocompatibility, and its low cost compared to other piezoelectric materials.  
Applying a cyclic loading (vibration) in general will reverse bone loss, stimulate bone mass, 
induce cranial growth, and consequently accelerate tooth movement. This has a major 
effect on the patient’s treatment experience by reducing the associated pain and discomfort 
throughout the treatment process and hence improves the patient’s compliance with the 
treatment with negligible side effects compared to therapeutic treatments. The proposed 
device is fitted to a positioner or tooth aligner. The proposed device can accommodate a 
voltage harmonic function generator, a casing to house the battery and the micro-
processor. Modern methods require a bulky and extra-oral device that is quite cumbrous to 
the patient. In this paper, an analytical model based on the distributed parameter approach 
is employed. Finite Element Analysis (FEM) is also employed to study and analyze the 
Piezoelectric actuation behavior. 
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1. Introduction 

The work presented in this paper is an extension of what was 
presented in 2018 40th Annual International Conference of the 
IEEE Engineering in Medicine and Biology Society (EMBC) [1]. 

Orthodontics is a dental domain that deals with enhancing the 
movement of teeth to treat malocclusion. This mainly deals with 
the correction of malposition of the teeth and the jaws. 
Malocclusion suggests that the upper and lower jaws are not in 
complete alignment for biting or chewing which leads to uneven 
bite, cross bite, or overbite. Therefore, this might negatively affect 
a person’s physical appeal, communication and eating capabilities. 

Malocclusion is traditionally adjusted through a 
steady/constant mechanically applied force to encourage bone 
modelling, which enhance the teeth movement to a preferred 
position. For this method, an orthodontic device applies a constant 
and stagnant force on the teeth through a bent wire attached to 
brackets fixed on the teeth or an aligner. This continuous force is 

slowly dissipated as the teeth move into position. The wires or the 
retainer are tweaked accordingly to ensure the teeth move to the 
optimal position. 

Swartz [2] shows the optimum force to move a tooth is just 
enough to overcome blood vessels pressure (20-26 grams/cm2). 
Any extra force used to move a tooth can significantly affect blood 
circulation, leading to root resorption.  In this method, as known 
as fixed orthodontic treatment, 2 to 3 years are required for the 
completion of the treatment [3, 4]. It also poses a high risk of caries 
[5, 6], root resorption [7, 8], and reduce patient compliance over 
time [9]. Multiple studies have found a certain connection between 
extended treatment and the root resorption experienced by a patient 
[7, 10, 11]. However, even when no radiographic signs of root 
resorption can be visible, it is acceptable that most teeth 
undergoing orthodontic tooth movement will experience some 
degree of root resorption followed by repair [12]. The first person 
to reveal a radiographic proof of root resorption amid an 
orthodontic treatment was Ketchum [13]. He found that out of five 
hundred patients, 21% were found to have root resorption. For this 
reason, it is imperative to study the acceleration of tooth movement 
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to reduce treatment duration time. Several methods to accelerate 
teeth movement have been studied, including laser therapy [14, 
15], pulsating electromagnetic fields [16], electrical currents [17], 
corticotomy [18, 19], distraction osteogenesis, [20-22] and 
mechanical vibration [23].  

Rubin et al 2001 revealed that the use of low amplitude 
mechanically vibrating forces/pulses at a high frequency could 
help in stimulating bone growth. This type of therapy, also referred 
to as vibration therapy, has been used to improve or maintain bone 
and muscle mass in rehabilitation of mobility impaired patients 
[24]. It has been also utilized to combat decreased bone density 
[25, 26] and improving post-surgical healing [27, 28]. During his 
animal studies, Rubin found out that bone density in the proximal 
femur showed a 43% increase after sessions of 20 minutes/day of 
high frequency (30Hz) and low amplitude force (0.3g) [29-31]. 

The small strains generated by high frequency mechanical 
vibrations are implemented to speed up periodontal and bone tissue 
remodeling through speeding up tooth movement. With the 
minimal side effects, this method of orthodontic treatment has the 
advantage over the current medicinal treatments. It is also a safer 
alternative for enhancing bone remodeling in the medical field [32, 
33]. 

Researchers have suggested that a pulsating could possibly 
move teeth faster with less discomfort associated with the 
traditional orthodontics. Nishimura and Chiba M in 2008 [23], 
used intermittent stimulation of the periodontal tissue by resonance 
mechanical vibration to accelerate experimental tooth movement 
in rats. His study was performed on a sample of 42 wistar rats with 
an experimental duration of 21 days. It was shown a major speed 
up in the rate of the tooth malocclusion treatment in comparison to 
non-vibration control sample. Nevertheless, Mao was the pioneer 
in his field  to actually prove that the use of pulsating/cyclic forces 
compared to static loading, could significantly improve dental 
straightening in rabbits [34]. 

Currently, a wide range of teeth vibration devices are available 
and used in orthodontic treatment. Craven H. Hurz [35] uses a 
hefty exterior power source that supplies electricity to one to four 
small motors. His device [36, 37] is modified to use pulsating 
fluids that are produced due to the chewing motion of a jaw. A 
radio device is also included that oscillates in response to a radio 
wave and generates a pulsating/vibrating force on the teeth. The 
devices are fitted to a headband and attached to the teeth by its 
intraoral components. This configuration made the device 
complex, expensive to build, and made it uncomfortable for the 
patient to wear. 

In 1991, Branford [38] proposed a hand-held device used to 
potentially treat the periodontal disease. It used a mouth-piece 
made of malleable dental brass adjustable to the patient’s bite and 
an external vibrator to induce oscillations in the teeth. However, 
this device required an external power source to power the 
vibrations. 

Michael J. Powers [39] also proposed a hand-held tooth 
vibrator in 1999. Power’s device employed a motor linked to a 
vibrating intraoral mouthpiece. The drawback to his proposed 
device was user discomfort due to increased blood flow from the 
vibrations. The bulkiness of the power actuator also affected user 

comfort and patient compliance, as defined by John C. Voudouris 
in 2001  [40]. The device is mounted on brackets which reduce the 
effectiveness of conveying the vibration forces to the teeth. 
Matsushita Electric Works, Ltd. [41] created a multipart intraoral 
pulsating device, intended to be attached or fitted over the lower 
and upper teeth to apply vibrating/pulsating forces. However, the 
device complexity and cost to manufacturing were a major 
drawback. Note that what reduces the effectiveness of these 
aforementioned devices is that the vibrational forces are not 
perfectly optimized in terms of frequency and magnitude for bone 
remodeling.  

Following these findings, in 2006 Mao presented a way to 
enhance bone remodeling with pulsating forces by achieving a 
quicker rate for the tooth movement [42, 43]. The device, 
AcceleDent by OrthoAccel, describes an intra and extra oral dental 
vibrator combined with microchip to collect, process and convey 
patient usage data. Due to its improved bite plate, this device is 
more effective in transmitting pulsating forces to the 
corresponding teeth. The device is also optimized in terms of force 
magnitude and frequency which enhances the comfort level and 
patient compliance. AcceleDent is prescribed to be used for two 
daily 10 minute sessions during orthodontic treatment and could 
be used with a secured appliance or aligner treatment. University 
of Texas-Houston in Texas, US, examined the safety and 
effectiveness of vibrations for orthodontic tooth movement. The 
study showed a nearly 70% enhancement in the tooth movement 
in comparison to previous work [44, 45] and reduced root 
resorption. No injurious cases were recorded from the 
corresponding treatment. This validated the safety of vibration-
based treatment in addition to the AcceleDent device. In 
comparison to previous approaches, AcceleDent is also more 
compact, since it does not require the patient to wear a head-dress 
mount. Based on the study, an output force of 25 grams and 30Hz 
frequency were equally scattered on the upper and lower jaws. 
However, the corresponding device offers vibrations for all the 
teeth, causing it to be bulky. For this reason, further improvements 
may be necessary. 

The tooth retainer or positioner are appliances often used in the 
closing stages of orthodontic treatment to aid in the achieving of a 
complete treatment. It was created by Kesling [46] in the 1940s 
and fabricated using rubber-based materials. Silicone was the 
favored material for the retainer for its transparent look, heat 
resistivity, and hypoallergenic properties. However, it is less 
effective in treating malocclusions due to inaccuracies from 
fabrication. 

Kurz in 1982 [47] introduced a device composed of tooth 
positioner and a vibrator with a hydraulic pump or an ultrasonic 
motor. However, the device vibrational forces were not optimized 
in terms of frequency and magnitude. In addition, Kurz’s device 
involved the use of straps wrapped around a patient’s head during 
sleeping, leading to discomfort and reduced patient compliance. 
OrthoAccel [48] claims that their vibratory tool that can be 
combined with an existing orthodontic device, namely Invisalign, 
but their device is mainly not designed as an aligner.  
Currently, there are many accessible options for a vibrating motor 
that is small enough to be housed within the mouth. Such motors 
include piezoelectric motors which can be manufactured at the 
nano scale. Utilization involves an unbalanced motors which may 
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be preferred and more affordable. Planar motors can also be 
utilized where the vibration is in parallel to the substrate [49-52]. 

This paper presents an innovative intraoral pulsating/vibrating 
device that is confined within the mouth. The proposed device is 
expected to potentially decrease the time and enhance the 
effectiveness of orthodontic treatments which leads to less 
employed resources to each individual patient and also increases 
patient compliance.  

The proposed device is composed of piezoelectric actuators 
and a voltage generator to excite the piezoelectric material at a 
certain amplitude and frequency. The vibrations are produced by a 
bio-compatible smart material, namely (PVDF) piezoelectric 
actuator, that can be oscillated at a specific frequency and 
amplitude. Due to its many physical properties including its great 
flexibility, biocompatibility, and low cost, PVDF is preferred in 
many biomedical and mechanical/electricity conversion 
applications including micro electric-mechanical devices, electro-
mechanical actuators, and energy harvesters [53-56]. For our 
design, the piezoelectric actuator is attached to a specific part of a 
retainer and provides vibrations to the targeted teeth. The major 
advantage of the device is that it can be relocated to various 
locations on the teeth and can be adjusted to a patient’s needs. The 
intra-oral compromises of a function generator, a processor, and 
battery are all contained into one unit allowing for a small design 
in comparison to the other available designs. Therefore, drooling 
can be minimized due to lips are partially kept open by the 
designated extra-oral components. 

2. Device configuration 

2.1. Electromechanical model and configuration of the proposed 
PVDF apparatus 

The proposed device is designed to be combined with the 
existing approach of tooth alignment, a retainer or aligner, for 
instance. Generally, tooth aligners are created using complex 
software to create a digital plan for each individual patient by 
predicting the movement of teeth throughout the treatment. This 
means that several aligners are used over the course of the 
treatment. These aligners are created to apply a constant pressure 
to the corresponding teeth, forcing the teeth to the desired position 
over time. This process can be accelerated by applying a cyclic 
force, or vibration, to the teeth for at approximately 20 minutes 
every day divided over two 10 minutes sessions. Dental 
remodeling can be accelerated as much as 70% with this method 
[44, 45]. The proposed device is fitted to an aligner, such as 
Invisalign, and a vibration is applied to the teeth through said 
device. Medical grade silicone rubber is preferred as a tooth 
positioner due to its transparency, strength, comfort, and lack of 
taste. The proposed ddevice has the ability to be equipped with an 
micro-processor chip to collect and transmit the treatment data, 
which delivers vital statistics for monitoring patient compliance. 

Figure 1 shows a 3D view of an tooth aligner matching the 
shape of the targeted teeth. It is generally U-shaped. The tooth 
aligner is designed to contact facial, lingual and occlusal surfaces 
of the targeted teeth by applying a corrective pressure to 
corresponding targeted teeth. Only the lower jaw is shown here. 

Our teeth vibration device compromises only three parts due to 
the restrictions of attaching the device to an aligner. The parts are: 
1) a harmonic function generator and micro-chip processor, 2) an 
intra-oral low current and high voltage battery and 3) couple of 
PVDF vibrators fitted over the teeth aligner, see Figure 2.a, and  
rigid steel wires connect the battery with the piezoelectric actuators 
and hold both the function generator processor and battery, Figure 
2.a. The function generator processor and battery are housed in a 
waterproof unit. This unit can be accessed to allow for collection 
of usage information, which gives clinicians insight on patient 
compliance.  

The micro-chip processor is also adjustable to allow the patient 
to adjust frequency and forces. The enclosure unit can also contain 
a charging port, on/off switch, lights, or access to the battery. In 
our analysis introduced in this paper, the vibrating actuator is set 
to produce a frequency of 30 Hz and a force of 8.5 grams produced 
at 100 volts.  

Our device is designed to allow for movement of the actuators 
on the upper or lower jaw along different locations of a tooth 
aligner. The function generator is utilized to excite the PVDF 
actuators to generate a cyclic force to the targeted teeth. 
Polyvinylidene fluoride (PVDF) is ideal for this device due to its 
ease of handling and acceptable mechanical properties. Stainless 
steel was chosen for its malleability, stiffness, resilience, 
biocompatibility, and low cost. 

 
Figure 1: 3D view image of a tooth aligner fitted on a lower jaw 

The PVDF actuator is primarily demonstrated as a flexible U-
shaped rod fitted to the top of an aligner. It is excited and polarized 
along the actuator thickness restricting vibrations in the z-
direction. During use, the patient bites down on the actuators, 
causing the actuators to only stretch axially to the surface of the 
aligner. The cyclic forces mentioned previously are applied 
longitudinally to produce directional vibrations to the structure. 
Figure 2a shows a plain model of the proposed device fitted to the 
aligner and the axial force direction. 

Piezoelectric constitutive formulas are used for modeling the 
piezoelectric devices and are based on assumptions where the 
transducer’s total mechanical strain is the sum of the mechanical 
strain and that the controlled actuation strain results from the 
applied electrical voltage. 

 Instead of using letters to label axis, numbers will be used in 
its place. 1 is the x-axis, 2 will be the y-axis, and 3 is the z-axis. 
The third axis is parallel to the direction of polarization of the piezo 
ceramic device, and axis 1 and 2 are normal to axis 3.  
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(a) 

 
(b) 

Figure 2: (a) Proposed PVDF device attached to the tooth aligner. (b) U-shape 
PVDF actuator/vibrator 

By employing the Piezoelectric constitutive equations, the 
coupled electromechanical model of the piezoelectric material can 
be presented as: 

 𝑆𝑆𝑖𝑖 = 𝑠𝑠𝑖𝑖𝑖𝑖𝐸𝐸𝑇𝑇𝑗𝑗 + 𝑑𝑑𝑚𝑚𝑚𝑚𝐸𝐸𝑚𝑚 

𝐷𝐷𝑚𝑚 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑇𝑇𝑖𝑖 + ԑ𝑖𝑖𝑖𝑖𝑇𝑇 𝐸𝐸𝑘𝑘  
(1) 

The corresponding model is mainly presenting the stress 
components (𝑇𝑇), mechanical strain (𝑆𝑆), electric field (𝐸𝐸) and the 
electric displacement components (𝐷𝐷 ). ԑ𝑇𝑇  is the Permittivity 
(F/m). (d) is the piezoelectric matrix of the strain constants (m/V). 
The indexes i, j = 1, 2, . . . ,6 and m, k = 1, 2, 3 are labeled for the 
multi-directions coordinate system, as illustrated by: 

Index Coordinate 

1 x 

2 y 

3 z 

4 Shear about x 

5 Shear about y 

6 Shear about z 

Equations (1) can be given in the matrix form as: 

 �𝑆𝑆𝐷𝐷� = �𝑠𝑠
𝐸𝐸 𝑑𝑑
𝑑𝑑𝑡𝑡 ԑ𝑇𝑇

� �𝑇𝑇𝐸𝐸� (2) 

Superscripts 𝐸𝐸 and 𝑇𝑇 define the corresponding variables that 
are calculated at constant electric field and stress, respectively. The 

superscript t is a mathematical indication for a vector transpose. 
The fully expanded formula of  Equation (2) is outlined as: 

 

⎣
⎢
⎢
⎢
⎢
⎡
𝑆𝑆1
𝑆𝑆2
𝑆𝑆3
𝑆𝑆4
𝑆𝑆5
𝑆𝑆6⎦
⎥
⎥
⎥
⎥
⎤

=

⎣
⎢
⎢
⎢
⎢
⎢
⎡𝑠𝑠11

𝐸𝐸 𝑠𝑠12𝐸𝐸 𝑠𝑠13𝐸𝐸

𝑠𝑠21𝐸𝐸 𝑠𝑠22𝐸𝐸 𝑠𝑠23𝐸𝐸

𝑠𝑠31𝐸𝐸 𝑠𝑠32𝐸𝐸 𝑠𝑠33𝐸𝐸

𝑠𝑠14𝐸𝐸 𝑠𝑠15𝐸𝐸 𝑠𝑠16𝐸𝐸

𝑠𝑠24𝐸𝐸 𝑠𝑠25𝐸𝐸 𝑠𝑠26𝐸𝐸

𝑠𝑠34𝐸𝐸 𝑠𝑠35𝐸𝐸 𝑠𝑠36𝐸𝐸

𝑠𝑠41𝐸𝐸 𝑠𝑠42𝐸𝐸 𝑠𝑠43𝐸𝐸

𝑠𝑠51𝐸𝐸 𝑠𝑠52𝐸𝐸 𝑠𝑠53𝐸𝐸

𝑠𝑠61𝐸𝐸 𝑠𝑠62𝐸𝐸 𝑠𝑠63𝐸𝐸

𝑠𝑠44𝐸𝐸 𝑠𝑠45𝐸𝐸 𝑠𝑠46𝐸𝐸

𝑠𝑠54𝐸𝐸 𝑠𝑠55𝐸𝐸 𝑠𝑠56𝐸𝐸

𝑠𝑠64𝐸𝐸 𝑠𝑠65𝐸𝐸 𝑠𝑠66𝐸𝐸 ⎦
⎥
⎥
⎥
⎥
⎥
⎤

  

⎣
⎢
⎢
⎢
⎢
⎡
𝑇𝑇1
𝑇𝑇2
𝑇𝑇3
𝑇𝑇4
𝑇𝑇5
𝑇𝑇6⎦
⎥
⎥
⎥
⎥
⎤

+ �
𝑑𝑑11 𝑑𝑑12 𝑑𝑑13
𝑑𝑑21 𝑑𝑑22 𝑑𝑑23
𝑑𝑑31 𝑑𝑑32 𝑑𝑑33

𝑑𝑑14 𝑑𝑑15 𝑑𝑑16
𝑑𝑑24 𝑑𝑑25 𝑑𝑑26
𝑑𝑑34 𝑑𝑑35 𝑑𝑑36

�

𝑡𝑡

�
𝐸𝐸1
𝐸𝐸2
𝐸𝐸3
� 

(3) 

The shear stresses are expressed as: 
𝑇𝑇4 = 𝜏𝜏23
𝑇𝑇5 = 𝜏𝜏31
𝑇𝑇6 = 𝜏𝜏12

 

and the shear strains are expressed as: 
𝑆𝑆4 = 𝛾𝛾23
𝑆𝑆5 = 𝛾𝛾31
𝑆𝑆6 = 𝛾𝛾12

 

The electric displacement is expressed as: 

 
�
𝐷𝐷1
𝐷𝐷2
𝐷𝐷3
� = �

𝑑𝑑11 𝑑𝑑12 𝑑𝑑13
𝑑𝑑21 𝑑𝑑22 𝑑𝑑23
𝑑𝑑31 𝑑𝑑32 𝑑𝑑33

𝑑𝑑14 𝑑𝑑15 𝑑𝑑16
𝑑𝑑24 𝑑𝑑25 𝑑𝑑26
𝑑𝑑34 𝑑𝑑35 𝑑𝑑36

�  

⎣
⎢
⎢
⎢
⎢
⎡
𝑇𝑇1
𝑇𝑇2
𝑇𝑇3
𝜏𝜏23
𝜏𝜏31
𝜏𝜏12⎦

⎥
⎥
⎥
⎥
⎤

+ �
ԑ11𝑇𝑇 ԑ12𝑇𝑇 ԑ13𝑇𝑇

ԑ21𝑇𝑇 ԑ22𝑇𝑇 ԑ23𝑇𝑇

ԑ31𝑇𝑇 ԑ32𝑇𝑇 ԑ33𝑇𝑇
� �
𝐸𝐸1
𝐸𝐸2
𝐸𝐸3
� 

(4) 

Equation (1) can be re-written to relate the stress and strain as: 

 {𝑇𝑇} = [𝑐𝑐𝐸𝐸]{𝑆𝑆} − [𝑒𝑒]{𝐸𝐸} (5) 

[𝑐𝑐𝐸𝐸] represents the stiffness matrix that is calculated at constant 
electric field. [𝑒𝑒] represents the piezoelectric constants matrix that 
relates stress to the electric field. 

Equation (1) can be transformed to Equation (5) by 
implementing the set of equations of: 

 {𝑆𝑆} = [𝑠𝑠𝐸𝐸]{𝑇𝑇} + [𝑑𝑑]{𝐸𝐸} 

[𝑠𝑠𝐸𝐸]{𝑇𝑇} = {𝑆𝑆} − [𝑑𝑑]{𝐸𝐸} 

{𝑇𝑇} = [𝑠𝑠𝐸𝐸]−1 {𝑆𝑆} − [𝑠𝑠𝐸𝐸]−1 [𝑑𝑑]{𝐸𝐸} 

(6) 

And hence, 

 [𝑐𝑐𝐸𝐸] = [𝑠𝑠𝐸𝐸]−1 

[𝑒𝑒] = [𝑠𝑠𝐸𝐸]−1[𝑑𝑑] 
(7) 
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 𝑌𝑌(Young's modulus of elasticity) and 𝜈𝜈 (Poisson’s ratio) are 
indicated in Table 1. At this point and at constant electric field, the 
final shape of the PVDF compliance matrix [𝑠𝑠𝐸𝐸] can be obtained 
as: 

[𝑠𝑠𝐸𝐸] =

⎣
⎢
⎢
⎢
⎢
⎡

1/𝑌𝑌 −𝜈𝜈/𝑌𝑌 −𝜈𝜈/𝑌𝑌
−𝜈𝜈/𝑌𝑌 1/𝑌𝑌 −𝜈𝜈/𝑌𝑌
−𝜈𝜈/𝑌𝑌 −𝜈𝜈/𝑌𝑌 1/𝑌𝑌

0     0     0
0 0  0
0 0  0

0         0         0
0  0   0
0  0   0

1/𝐺𝐺 0 0
0 1/𝐺𝐺 0
0 0 1/𝐺𝐺⎦

⎥
⎥
⎥
⎥
⎤

(𝑚𝑚2/𝑁𝑁)  

𝐺𝐺 represents the modulus of rigidity (𝐺𝐺 =  𝑌𝑌
2(1+𝜈𝜈)

). 

The stress constants matrix of the PVDF actuator,[𝑑𝑑]𝑡𝑡can be 
represented as:  

[𝑑𝑑]𝑡𝑡 = �
0 0 0
0 0 0

23 3 −33

0 0 0
0 0 0
0 0 0

� × 10−12(𝑚𝑚/𝑉𝑉) 

PVDF dielectric Matrix [Ɛ𝑇𝑇]: 

[Ɛ𝑇𝑇] = �
9 0 0
0 9 0
0 0 9

� × 8.854 × 10−12(𝐹𝐹/𝑚𝑚) 

Employing Equation (7) and the piezoelectric constant matrix, 
the PVDF stiffness matrix is generated as indicated in Equations 
(8) and (9). 

Table 1 indicates the PVDF material physical properties. 

 

[𝑐𝑐𝐸𝐸] =

⎣
⎢
⎢
⎢
⎢
⎡

2.7 1.154 1.154
1.154 2.7 1.154
1.154 1.154 2.7

0        0         0
0  0   0
0  0   0

0         0         0
0  0   0
0  0   0

0.77 0     0
0 0.77     0
0 0 0.77⎦

⎥
⎥
⎥
⎥
⎤

× 109(𝑁𝑁/𝑚𝑚2) 

(8) 

 [𝑒𝑒]

=

⎣
⎢
⎢
⎢
⎢
⎡
0       0       0
0       0       0
0       0       0

        
0       0     0.0273
0  0 −0.0035
0  0 −0.0588

0       0       0
0       0       0
0       0       0

           
0       0                      0
0       0                      0
0       0                      0

 
⎦
⎥
⎥
⎥
⎥
⎤

  

�
𝑁𝑁
𝑚𝑚 𝑉𝑉

� 

(9) 

From Equation(9), we obtain: 

 𝑒𝑒31 =    0.0273 �
𝑁𝑁
𝑚𝑚 𝑉𝑉

� 

𝑒𝑒32 = −0.0035 �
𝑁𝑁
𝑚𝑚 𝑉𝑉

� 

𝑒𝑒33 = −0.0588 �
𝑁𝑁
𝑚𝑚 𝑉𝑉

� 

(10) 

Table 1: PVDF material properties 

Density 
(kg/m3) 

1,780 𝜈𝜈 0.3 𝑌𝑌 (GPa) 2.0 

 

2.2.  PVDF actuator electromechanical model at e31 mode 

Figure 3 visualizes a PVDF actuator where the electric field 
(+𝐸𝐸) is in the direction of the PVDF thickness. The positive sign 
of the electric field indicates a same direction as for the 
polarization, and this is analytically analyzed by implementing the 
distributed parameter approach. Finite Element Method (FEM) 
software such as ANSYS is utilized to verify the introduced 
analytical model. 

 
Figure 3: U-shape PVDF actuator/vibrator at 𝒆𝒆𝟑𝟑𝟑𝟑 actuation mode showing an 

electric field E in the direction of the material thickness 

It must be noted that the electromechanical model is derived 
based on the assumption that the PVDF actuator is solely poled 
along the z-axis (the PVDF thickness direction) where the stress 
and strain are undertaken axially along the direction of actuator 
length (x-direction). At this point, the energy method can be 
employed to generate the dynamic model of the PVDF actuator. 
Consequently, the coupled electromechanical model is generated 
by utilizing the so called Hamilton’s principle that takes the 
variation of a function with respect to time. According to 
Hamilton’s principle the Lagrangian (L) function is defined as: 

 𝐿𝐿 = 𝐾𝐾 + 𝑊𝑊𝑒𝑒
∗ (11) 

K is the kinetic energy. 𝑊𝑊𝑒𝑒
∗ is the stored electrostatic energy. 

The PVDF actuator will be represented as a rod. The physical 
properties of the proposed elastic PVDF bar are labeled as: length 
l, width b, mechanical stiffness at constant electric field 𝑐𝑐11𝐸𝐸 , mass 
density ρ and the cross-sectional area A.  

At this point, the absolute displacement of the PVDF actuator 
as a function of x and time is indicated by 𝑢𝑢(𝑥𝑥, 𝑡𝑡) . Using the 
principle of separation of variables, the solution is written as: 

 
𝑢𝑢(𝑥𝑥, 𝑡𝑡) = �𝑈𝑈𝑛𝑛(𝑥𝑥)𝜂𝜂𝑛𝑛(𝑡𝑡)

∞

𝑛𝑛=1

 (12) 

The function 𝑈𝑈(𝑥𝑥) is the orthogonal mode shape and 𝜂𝜂(𝑡𝑡) is 
the temporal function which are related to the Lagrangian function 
as the following: 

 

𝐾𝐾 =
1
2
� 𝜌𝜌𝜌𝜌 �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
2

𝑑𝑑𝑑𝑑   
𝑙𝑙

0
 (13) 
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𝑊𝑊𝑒𝑒
∗ = −

1
2
� 𝑐𝑐11𝐸𝐸 𝐴𝐴 �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
2

𝑑𝑑𝑑𝑑
𝑙𝑙

0

+  � 𝐴𝐴 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� 𝑒𝑒31𝐸𝐸3𝑑𝑑𝑑𝑑   

𝑙𝑙

0
   

𝑒𝑒31 is the piezoelectric constant at a constant stress and  the electric 
field as a function of voltage is  (𝐸𝐸3 =  −𝑣𝑣(𝑡𝑡)

ℎ
 ) [57].  Based on 

Hamilton’s principle, the variation of the function with respect to 
respect to time equals to zero: 

 
𝛿𝛿 � � 𝐿𝐿 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑 = 0   

𝐿𝐿

0
   

𝑡𝑡2

𝑡𝑡1
 (14) 

Which becomes: 

 
𝛿𝛿 � 𝑄𝑄 𝑑𝑑𝑑𝑑 = 0 

𝑡𝑡2

𝑡𝑡1
, 

 𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑄𝑄 =  
1
2
� 𝜌𝜌𝜌𝜌 �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
2

𝑑𝑑𝑑𝑑
𝑙𝑙

0

−
1
2
� 𝑐𝑐11𝐸𝐸 𝐴𝐴 �

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
2

𝑑𝑑𝑑𝑑
𝑙𝑙

0

+ � 𝐴𝐴 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� 𝑒𝑒31𝐸𝐸3𝑑𝑑𝑑𝑑

𝑙𝑙

0
 

   (15) 

Solving the above equations yields to: 

 
� � 𝜌𝜌𝜌𝜌 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 𝛿𝛿 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

𝑙𝑙

0
 

𝑡𝑡2

𝑡𝑡1

+� � 𝑐𝑐11𝐸𝐸 𝐴𝐴 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 𝛿𝛿 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

𝑙𝑙

0
 

𝑡𝑡2

𝑡𝑡1

−� �
𝐴𝐴𝑒𝑒31
ℎ

  𝛿𝛿𝛿𝛿(𝑡𝑡) �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

𝑙𝑙

0
 

𝑡𝑡2

𝑡𝑡1

−� �
𝐴𝐴𝑒𝑒31
ℎ

  𝑣𝑣(𝑡𝑡)𝛿𝛿 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� 𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑

𝑙𝑙

0
= 0 

𝑡𝑡2

𝑡𝑡1      

 (16) 

The Euler–Lagrange formulas can now be assembled, 
obtaining the dynamic governing equation:  

 
𝜌𝜌𝜌𝜌

𝜕𝜕2𝑢𝑢(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑡𝑡2

− 𝑐𝑐11𝐸𝐸 𝐴𝐴
𝜕𝜕2𝑢𝑢(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑥𝑥𝑖𝑖2

−
𝐴𝐴𝑒𝑒31
ℎ

  𝑣𝑣(𝑡𝑡)
𝑑𝑑
𝑑𝑑𝑑𝑑

[𝐻𝐻(𝑥𝑥)
− 𝐻𝐻(𝑥𝑥 − 𝑙𝑙)] = 0 

(17) 

𝐻𝐻(𝑥𝑥) represents the Heaviside function. 

     At this stage, we evaluate the cyclic forces produced by the 
proposed PVDF actuators excited over a certain range of constant 
voltages by implementing of statically indeterminate structures 
principle.  

    The equilibrium equations relate structural deformations in such 
way to obtain the reaction forces. Consequently, due to the 
linearity of the system, the superposition method is implemented 
to obtain the corresponding forces by assuming that one of the 
reaction forces is redundant. This force is considered as an 
unknown load, which together with the other loads must produce 

deformations that match the original constrains (see Figure 4 for 
details). 𝛿𝛿 indicates the elongation of the rod. 

The mode shapes at this point can be generated for a fixed-
fixed rod to estimate the axial forces produced by the PVDF 
actuator.  

The mode shapes presented as a function of the natural 
frequency 𝜔𝜔𝑛𝑛 are written as: 

 

 
Figure 4: Free body diagram of a statically indeterminate rod 

 
𝑈𝑈(𝑥𝑥) = 𝐶𝐶𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠 �

(2𝑛𝑛 + 1)𝜋𝜋𝜋𝜋
2𝑙𝑙

� ,      𝜔𝜔𝑛𝑛

=  
(2𝑛𝑛 + 1)𝜋𝜋𝜋𝜋

2𝑙𝑙
, 𝑛𝑛 = 1,2 … 

𝑐𝑐 =
�𝑐𝑐11𝐸𝐸  

�𝜌𝜌
  

(18) 

𝑐𝑐𝑛𝑛 represents the modal constant, and by employing the 
orthogonality condition, the modal shapes 𝑈𝑈(𝑥𝑥) can be mass 
normalized (i.e. solving for the modal constant) as the following: 

 
𝜌𝜌𝜌𝜌� 𝑈𝑈𝑛𝑛(𝑥𝑥)2 𝑑𝑑𝑑𝑑 = 1   

𝑙𝑙

0
 

𝐶𝐶𝑛𝑛 =
√2

�𝐿𝐿𝐿𝐿𝐿𝐿
 

(19) 

By plugging equation (12) into the governing equation (17), 
multiplying by the mode shape, then integrating over the length of 
the rod, and then imposing the orthogonality conditions, the 
electromechanically coupled ordinary differential equation for the 
modal response of the rod is obtained as such: 

 𝜂̈𝜂𝑛𝑛 + 2𝜁𝜁𝜔𝜔𝑛𝑛𝜂̇𝜂 + 𝜔𝜔𝑛𝑛2 𝜂𝜂 +
𝐴𝐴𝑒𝑒31
ℎ

 𝑣𝑣(𝑡𝑡)[𝑈𝑈(𝑙𝑙) − 𝑈𝑈(0)]
= 0 

(20) 

At this point, and by equation (12), the axial force at the tip of 
the rod (in Newtons) is obtained as: 

 
𝑓𝑓(𝑙𝑙, 𝑡𝑡) =

∑ 𝑈𝑈𝑛𝑛(𝑙𝑙)𝜂𝜂𝑛𝑛(𝑡𝑡)𝑐𝑐11𝐸𝐸 𝐴𝐴∞
𝑛𝑛=1

𝑙𝑙
 (21) 

The dimensions of the PVDF actuator used in the study are 
shown in Table 2:  
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Table 2: Piezoelectric PVDF actuator physical dimensions 

PVDF Dimensions  Quantity 

Length (L) 20 mm 

Cross section’s outer edges length (b) 31 mm 

Thickness (h)  4 mm 

Figure 5 illustrates the estimated axial forces generated by the 
PVDF actuator. that shows the data of the actuator when it is 
stimulated by a wide range of Direct Current (DC) voltage. 

The results obtained analytically are numerically validated at 
actuation mode of 𝑒𝑒31  with the help of a finite element FEM 
solver, namely ANSYS. In addition, Figure 5 indicates that the 
optimum external force produced by the PVDF actuator which is 
approximately equal to 8.5 grams at an excitation voltage of 100 
volts. This resulted force can be transmitted to a group of four 
teeth.  

As can be clearly observed from Figure 5, the axial force is 
proportional with the voltage due to the linearity of the system. 

     Applying a harmonic voltage (which is represented 
by  𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉(𝜔𝜔𝜔𝜔) ), with the requirements of achieving a high 
amplitude cyclic forces, the PVDF actuators should normally 
have a fundamental natural frequency matching the harmonic 
voltage excitation frequency. 

     The damping has a major effect on the response of the system. 
Therefore, we can include the viscoelastic linear effect and hence 
the modulus of elasticity (the stiffness constant) under a constant 
electric field can be defined as: 

 
𝑐𝑐11𝐸𝐸  = (𝐸𝐸′ + 𝑖𝑖𝑖𝑖′′) (22) 

     𝐸𝐸′  is the storage modulus and 𝐸𝐸′′  is the loss modulus in 
viscoelastic model which are obtained by A.M. Vinogradrova and 
F. Hollowayb experimentally as presented in their paper. This 
means that the natural frequency can be re-written as follows: 

 
𝜔𝜔𝑛𝑛2 =  

𝜋𝜋2(𝐸𝐸′ + 𝑖𝑖𝑖𝑖′′)
4𝑙𝑙2𝜌𝜌

 ,𝑛𝑛 = 1 (23) 

If both the Laplace and Fourier transformations of equation 
(20) are taken and then used with the expression of the natural 
frequency in equation (23) we obtain: 

 
(−𝜔𝜔2 +

𝜋𝜋2(𝐸𝐸′)
4𝑙𝑙2𝜌𝜌

+
𝜋𝜋2(𝑖𝑖𝑖𝑖′′)

4𝑙𝑙2𝜌𝜌
  )𝜂𝜂(𝜔𝜔) + 𝜃𝜃𝜃𝜃(𝜔𝜔) = 0  (24) 

Comparing the terms in equation (20) and equation (24), the 
damping ratio is obtained by the expression: 

A frequency response function (FRF) of the force over a wide 
range of excitation frequencies is shown below, and Figure 6 
contains the plot of this function: 

 𝐹𝐹(𝑙𝑙,𝜔𝜔)
𝑉𝑉(𝜔𝜔)

=  ��
�𝑈𝑈𝑛𝑛(𝑙𝑙) − 𝑈𝑈𝑛𝑛(0)�𝐴𝐴𝑒𝑒31
ℎ(𝜔𝜔𝑛𝑛2 − 𝜔𝜔2 + 2𝑗𝑗𝜁𝜁𝜁𝜁𝜔𝜔𝑛𝑛)�

∞

𝑛𝑛=1

, (26) 

Figure 6 indicates the maximum axial force which is normally 
obtained at the resonance. However, because of the compact size 
of the PVDF actuator, the PVDF actuator natural frequencies are 
presented in kilohertz. Consequently, matching the exciting 
frequency with one of the PVDF actuator fundamental natural 
frequencies is not attainable. That being said, based on a study 
performed by Rubin revealed that a low frequency vibration (30 
Hz to be exact) generated forces with a preferred magnitude to 
rapidly accelerate the tooth bone remodeling in comparison to a 
high magnitude and frequency force. Therefore, the cyclic forces 
are generated at 30 Hz harmonic voltage. 

 As can be seen in Figure 7, the cyclic forces in grams per unit 
voltage evaluated analytically are compared to their equivalents 
obtained by the FEM analysis. Comparison is performed only at 
the 𝑒𝑒31 actuation mode. As shown in Figure 7, both methods are in 
perfect agreement. 

When examining Figure 6 and Figure 7, it can be seen that the 
absolute value of the harmonic forces are equivalent to the ones 
obtained in Figure 5. The reasoning behind this is that the harmonic 
voltage frequency is way smaller than the corresponding 1st 
fundamental natural frequency of the PVDF piezoelectric actuator. 
As a result, the system can be assumed to be a quasi-static (i.e. the 
system changes so slowly and hence can be treated to be always at 
equilibrium). 

 
Figure 5: Exact and FEM axial force Vs voltage at 𝒆𝒆𝟑𝟑𝟑𝟑 actuation mode 

 
Figure 6: Force frequency response function 𝒆𝒆𝟑𝟑𝟑𝟑 actuation mode 

 
2𝜁𝜁𝜔𝜔𝑛𝑛 =

𝜋𝜋2(𝐸𝐸′′)
4𝑙𝑙2𝜌𝜌

 (25) 
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In order to improve the total generated axial force, the  actuator 
design parameters denoted by the length, thickness and width of 
the actuator are analyzed. 

 
Figure 7: Analytically and numerically obtained cyclic forces in grams per 

unit voltage at 30 Hz at 𝒆𝒆𝟑𝟑𝟑𝟑 actuation mode 

By using equation (21) with sinusoidal harmonic input voltage 
denoted as 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉(𝜔𝜔𝜔𝜔), where V being the amplitude and ω being 
the excitation frequency (= 30 Hz), the following expression for 
the force (in Newtons) is obtained: 

 
𝑓𝑓(𝑙𝑙, 𝑡𝑡) =

2𝑒𝑒31𝑐𝑐11𝐸𝐸 𝑏𝑏
𝑙𝑙2𝜌𝜌

 

��sin�
(2𝑛𝑛 + 1)𝜋𝜋

2
��

2

 
𝑉𝑉 sin(𝜔𝜔𝜔𝜔 + 𝜙𝜙𝑛𝑛)  

�(𝜔𝜔𝑛𝑛2 − 𝜔𝜔2)2 + 4𝜁𝜁2𝜔𝜔𝑛𝑛2𝜔𝜔2

∞

𝑛𝑛=1

 
(27) 

In a polarized system in the z-axis in the 𝑒𝑒31 actuation mode, it 
can be seen from Equation (27) that the actuator thickness has no 
effect on resulting force. In addition, in reference to the natural 
frequency in Equation (18), a conclusion can be made from 
Equation (27) that the PVDF actuator length has a minimal effect 
on the resulting axial force, as observed in Figure 8. For this 
particular case, the actuator thickness of 4 mm is chosen to be 
consistent with the aligner thickness and hence keeps the device 
lightweight and compact.  

From Equation (27) and Figure 9, an observation can be made 
that the actuator width is linearly proportional to the resulted axial 
force. 

 
Figure 8: The variation of axial force with PVDF actuator length at different 

voltage inputs at 𝒆𝒆𝟑𝟑𝟑𝟑 actuation mode 

 
Figure 9: The variation of axial force with PVDF actuator width at different 

voltage inputs at 𝒆𝒆𝟑𝟑𝟑𝟑 actuation mode 

 

2.3. Electromechanical model of PVDF actuator at full 
actuation mode, Equation (3) 

In this analysis, 𝑒𝑒31, 𝑒𝑒32  and 𝑒𝑒33  actuation modes are all 
utilized. Basically, the effect of the 𝑒𝑒32 implies that a strain and a 
stress are produced in the lateral direction namely, the y-axis. This 
behavior is usually observed in plates. This behavior can be 
analytically modelled when the actuator is excited in 𝑒𝑒31 and 𝑒𝑒32 
actuation mode. In this case, the normal stresses are parallel to the 
x and y axis (𝑇𝑇1, 𝑇𝑇2), with the shear stress acting in the xy-plane 
(𝑇𝑇6). 

The plate’s bending deformation has no pairing with the shear 
deformation, and by assuming that the normal stress to the middle 
plane of the un-deformed plate remains straight and perpendicular 
to the mid plane after deformation, the stresses that are within the 
plane of any point through the thickness of the PVDF plate in a 
state plane stress can be written as: 

 
�
𝑇𝑇1
𝑇𝑇2
𝑇𝑇6
� =

𝑌𝑌
1 − 𝜈𝜈2

�

1 𝜈𝜈 0
𝜈𝜈 1 0

0 0
1 − 𝜈𝜈

2

� �
𝑆𝑆1
𝑆𝑆2
𝑆𝑆6
� 

−
𝑌𝑌

1 − 𝜈𝜈2
�

1 𝜈𝜈 0
𝜈𝜈 1 0

0 0
1 − 𝜈𝜈

2

� �
0 0 𝑑𝑑31
0 0 𝑑𝑑32
0 0 0

� �
𝐸𝐸1
𝐸𝐸2
𝐸𝐸3
� 

(28) 

The expressions for the strains in Equation (28) can be found 
in the literature.  However, we use the Finite Element Technique 
to implement the full actuation matrix in Equation (3) using 
ANSYS. This is because implementing the full piezoelectric stress 
constants matrix [e] and analytically deriving the analytical 
electromechanical model of the U-shape PVDF actuator 
complicates the model significantly. ANSYS provides a 
convenient way to obtain the results using the FEM. 

 In ANSYS, we are able to study the effect of the different 
piezoelectric constants at constant stress as discussed previously. 

Figure 10 compares the maximum axial force generated by the 
PVDF actuator at two actuation modes; full matrix actuation and 
𝑒𝑒31 modes. The maximum axial force that is obtained at full matrix 
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actuation mode is perfectly matches the force obtained in the 
analytical and FEM models in 𝑒𝑒31  actuation mode discussed 
previously. Therefore, the analytical model in 𝑒𝑒31 actuation mode 
is sufficient to depict the system. 

 
Figure 10: Axial force comparison by FEM at full matrix actuation and 𝒆𝒆𝟑𝟑𝟑𝟑 

actuation mode 

 It must be noted that, the axial force is applied to four teeth; 
two in the bottom and two on the top of the actuator as we will see 
that later in this section. Since it is a linear system, the force and 
the applied voltage have a linear relationship, as shown in Figure 
10. 

The material friction coefficient is defined as the measure of 
the sliding resistance of one material over another. In this case, the 
PVDF actuator’s contact part is a standard aligner which is usually 
made of industrial plastic, as shown in Figure 2.  

To calculate the required force that is required to prevent 
sliding the actuators and aligner across each other, we need to 
calculate the required perpendicular/normal biting force between 
the mating sliding faces as the following: 

 
𝐹𝐹𝑛𝑛 =

𝑓𝑓(𝑙𝑙, 𝑡𝑡)
µ

 (29) 

where, 𝐹𝐹𝑛𝑛 is the normal force, µ is the co-efficient of friction and 
equals to 0.18 and 𝑓𝑓(𝑙𝑙, 𝑡𝑡) is the axial force by the PVDF actuators. 
Therefore, the required biting force should be at least equal or 
larger than 48 grams’ force. 

2.4. Actual model of the PVDF actuator at full actuation mode, 
Equation (3) 

In this section we discuss the actual U-shaped model of the 
PVDF actuator as illustrated in Figure 11.  

Figure 11 is clearly annotated to indicate the targeted teeth, the 
direction of the axial force and the side wings of the U-shaped 
PVDF actuator.  

A single actuator exerts forces on the upper and lower teeth that 
are in contact with the it. The forces generated by the actuator are 
equally spread among the teeth above and below the actuator.  

The axial force is calculated by implementing the FEM 
principle with the help of commercial FEM software, namely 

ANSYS. The results are then compared to the analytical model 
introduced previously in this paper for the U-shaped PVDF 
actuator.  

Figure 12 shows the total force generated by the actuator to the 
front/back and upper/lower teeth in comparison to that obtained 
analytically. The deviation of the forces are due to the side wings 
of the actuator. 

The single layer PVDF actuator with now side wings, is shown 
in Figure 13.  

In Figure 14, the total force generated by the single layer 
actuator on the front/back upper and lower teeth is compared that 
obtained analytically for single layer actuator with no wings.  

Figure 14 clearly reveals that the results are in good agreement. 
As a result, the conclusion can be made that the side wings of the 
actual model don’t have any effect on the total resulted axial force. 

We can simulate the stress build-up at the fixed ends and the 
total deformation at the free ends of both; the actual U-shaped and 
single layer PVDF actuators as we can see in Figure 15. 

 
Figure 11: The actual U-shaped PVDF actuator 

 
Figure 12: Total axial force comparison between actual and analytical U-

shaped PVDF actuator 
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Figure 13: The actual single layer PVDF actuator 

 
Figure 14: Total axial force comparison between actual and analytical single 

layer PVDF actuator 

(a) 

 
(b)  

 

(c) 

 
(d) 

 
Figure 15: Total deformation in meters at the free ends of (a) U-shaped PVDF and 
(b) Single layer PVDF actuators. Normal stresses building up at fixed-fixed ends 

in Pascals (c) U-shaped PVDF and (d) Single layer PVDF actuators. 

 

2.5. AcceleDent® versus the proposed PVDF vibrator 

In 2006, Mao introduced a dental appliance which utilized 
pulsating forces to improve tooth movement rate, namely 
AcceleDent by OrthoAccel. The device is optimized in terms of 
force magnitude and frequency which enhances the comfort level 
and patient compliance to the treatment. The appliance is used 
twice a day for a duration of 10 minutes during the orthodontic 
treatment process and can be utilized along with a fixed appliance 
or an aligner treatment device. This device also provided an 
average of 23 to 25 grams of output force at 30 Hz frequency. 
Figure 16.a shows a one-time cycle of force output at 23 grams and 
at a low frequency of 30 Hz, while Figure 16.b displays an 
illustration of the AcceleDent device.  

In Figure 16.b, the arrow shows the produced force by the 
extra-oral component of the vibrator. OrthoAccel made the claim 
that the resulting axial force of their device is equally dispersed 
among the upper and lower teeth, but that is not the case. In order 
to defend our claim, ANSYS was utilized to find the applied forces 
to the jaws produced by the AcceleDent device. The forces are then 
compared to the ones produced by the proposed PVDF 
piezoelectric actuator to each corresponding tooth based on the 
outcome and findings obtained in previous sections of this paper. 
Table 3 shows the material properties of the jaw bone, AcceleDent 
and the tooth. 
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(a) 

 
(b) 

 
Figure 16: (a) One cycle of force by AcceleDent at 23 grams and 30 Hz (b) 

Simplified illustration of the AcceleDent with the lower and upper jaws assembly. 

Table 3: Material properties of piezoelectric PVDF material 

Component Material Density(kg/m3) 𝒀𝒀 (GPa) 

AcceleDent 

Versaflex™ 
CL2250 ~clear/ 

transparent 
thermoplastic 

elastomer 
(TPE) grade1 

888 0.0139 

Jaw Bone 

Cortical 
(surrounding), 

Cancellous 
(core) 

1180 18.3 

Teeth Dentine 1200 84.1 
1Source: The University of Texas Health Science Center at San Antonio 

It can be seen from Figure 17.a that the force created by the 
AccelDent device is not evenly dispersed among all of the teeth. 
Most part of the generated force by the AccelDent device was 
concentrated at the top front teeth of the jaws. While, as indicated 
Figure 17.b, the proposed PVDF device at a specific voltage 
magnitude and frequency, provides precise cyclic forces to a 
precise location of the tooth aligner, which then channels the forces 
to the targeted teeth. As a result, this allows flexibility of the tooth 
treatment for patients for the treatment process as the device can 
be adjusted. 

(a) 

 
(b) 

 
Figure 17: (a) Force distribution among all the teeth by AcceleDent (b) Force 

generated by the proposed single layer PVDF actuator at each targeted tooth 
versus voltage input. 

3. Conclusion  

In this paper, a novel dental vibratory apparatus was proposed 
in order to enhance the patient compliance to a vibration based 
orthodontic treatment as well as to minimize the time required for 
the treatment while simultaneously maintaining an acceptable 
level of comfort. The vibrating component of the device consisted 
of a bio-compatible smart material, namely (PVDF) piezoelectric 
actuators excited via voltage function generator at a frequency of 
30 Hz over wide range amplitudes. The proposed device could be 
fitted to a tooth aligner and consequently provided 
recurring/cyclic forces to a particular part of the aligner, which 
then transmits these produced forces to the corresponding teeth.  

The proposed model of the PVDF actuator was obtained both 
analytically and numerically with the help of ANSYS. The 
ultimate force obtained was 7.3 grams at the front and back teeth. 
This proposed device in particular is compact in size in 
comparison to its competition. The vibrating component of the 
device can be relocated and repositioned along the tooth aligner 
for customized fits, and it also compromises: the vibrating 
component and the intra-oral voltage function generator, battery, 
and processer are in a single device. This device is also predicted 
to minimize the drooling associated with the current orthodontic 
treatments. It ultimately enhances the overall experience for the 

http://www.astesj.com/


M. Bani-Hani et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 5, No. 3, 178-190 (2020) 

www.astesj.com     189 

orthodontic treatment process and increases the chances of patient 
compliance. 
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