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Abstract: The calculation of manual tightening torque applied by clinicians plays a critical role in
achieving optimal preload for dental implants. However, there is a research gap in understanding
the specific calculus involved in this process. This study aims to address this gap by analyzing the
bending and torsional moments during manual tightening torque application by physicians of var-
ious specialties and genders. Additionally, the rates of early complications associated with clinician-
calculated preload will be evaluated. The findings of this study will contribute to enhancing the
understanding of clinician-controlled preload and guide future practices for successful dental im-
plant outcomes.
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1. Introduction

Since the inception of dentistry, a primary goal has been the restoration of chewing
function and tooth replacement. The confluence of bioengineering and dental applications
has witnessed substantial advancements in recent years, particularly in sensor technolo-
gies and computational methodologies. Many studies have contributed to this burgeon-
ing body of knowledge, addressing key aspects such as force sensing, haptic feedback,
automation, and the clinical implementation of these technologies. One seminal work, ti-
tled “A Comparison of Force Sensing for Applications in Prosthetic Haptic Feedback,”
Published: undertakes a comprehensive analysis of various sensor designs, with a particular focus

on load cells for prosthetic applications[1]. The investigation presents crucial insights into

force requirements through its experiments on laboratory-standard load cell sensor tech-
- nologies, thereby facilitating a deeper understanding of manual tightening torque calcu-
lations in dental implants. Within the context of low-cost sensor systems employing Ar-
duino, the study “3D Printed Low-Cost Force-Torque Sensors” proposes an innovative
approach by incorporating off-the-shelf optical sensors into 3D-printed components [2].
The paper elaborates on Arduino firmware and ROS (Robotic Operating System)-based
drivers, presenting a feasible trajectory for developing cost-effective torque sensors tai-
lored for dental applications. Another notable study, “Arduino-based Automated Dosage
Prescriptor using Load Cell,” explores the utility of an Arduino board interfaced with an
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HX711 ADC and a load cell for automating anesthesia dosage administration[3]. Although
primarily targeted at anesthesiology, this study establishes a precedent for leveraging Ar-
duino boards and load cells in medical contexts for precise measurements, a concept po-
tentially extendable to preload calculations in dental implants. Expanding the array of
cost-efficient, Arduino-based measurement tools, the paper “Open-Source Digitally Rep-
licable Lab-Grade Scales” delves into the development of an easily replicable, open-
source, lab-grade digital scale using an Arduino Nano and 3D-printed components[4].
Although initially intended for laboratory settings, the meticulous detail in precision and
accuracy revealed in this study opens promising avenues for exact mass and force meas-
urements, which are highly relevant for preload calculations in dental implants. A com-
prehensive review entitled “Prototyping with Arduino” [5] scrutinizes the challenges and
opportunities inherent to Arduino-based projects. The review highlights the platform’s
flexibility and suitability for individuals with limited programming skills. Given the bur-
geoning interest in medical applications of Arduino for prototyping, this review furnishes
invaluable context and guidelines for developing Arduino-centric systems for dental im-
plant torque measurement. As scientific advancements have unfolded, the development
of dental implants has revolutionized this field by accelerating the process of osseointe-
gration and significantly enhancing the quality of life for patients. Initially, the focus was
on achieving robust osseointegration to ensure implants possessed both mechanical
strength and long-term stability within the bone. Titanium, renowned for its mechanical
properties and compatibility with human bone, has played a pivotal role in orthodontic
prostheses and is extensively documented in the literature. However, in recent years, at-
tention has shifted towards soft tissue integration, introducing greater complexity in both
design techniques and material selection. This includes the use of composites [6], [7] and
3D biomedical metal materials produced through Additive Manufacturing techniques
[8].Dental implantology has emerged as a widely adopted approach, offering comprehen-
sive treatment options for both fully and partially edentulous patients[9], [10]. While the
long-term clinical success of dental implants is well-established, it is intrinsically linked
to adherence to proper surgical and prosthetic protocols. Despite generally high success
rates, complications in implant-supported prostheses are not uncommon. These compli-
cations encompass a range of issues, including intraoperative challenges, bone loss, peri-
implantitis, esthetic and phonetic concerns, and prosthetic biomechanical complications.
Among these prosthetic complications, abutment screw loosening stands out as a preva-
lent and critical problem. The wrench, or torque wrench, is used to apply specific torque
values to tighten the abutment screw, ensuring the stability and longevity of the dental
implant. Several factors contribute to this issue, including insufficient preload, improper
implant positioning, occlusal profile mismatch, variations in hex dimensions, poor adap-
tation of implant components, screw design flaws, excessive occlusal forces, and inade-
quate anti-rotation features[11]-[14]. The recommended torque values for abutment screw
tightening largely fall within the range of 20 to 35 N/cm to mitigate screw loosening, with
most implant manufacturers endorsing this range [15].It's imperative to adhere to these
specific recommendations as diverging from the advised torque values may result in ei-
ther insufficient clamping force or excessive torque, potentially leading to screw bending
[15. Studies further suggest that the definitive torque values could be influenced by vari-
ous factors including the screw head design, abutment screw material, and the use of lub-
ricants, with a broader range of 10 to 35 Ncm being noted [16]. Additionally, a specific
instance of a 25 N/cm torque value has been documented in practice while investigating
reverse torque values of abutment screws [17]. While these investigations collectively rep-
resent significant strides in sensor technologies and Arduino-based systems, a distinct re-
search gap remains in the calculations involved in the manual tightening torque applica-
tion for dental implants. However, these antecedent studies lay a foundational framework
upon which current research can build, particularly concerning the integration of Arduino
boards and load cells for precise and cost-effective measurement systems. The aim of the
forthcoming study is to develop a protocol for quantifying the torque applied to a dental
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implant. This will be achieved by employing a 3D-printed instrumented torque wrench,
specifically designed to measure the torque applied to the abutment screw of the dental
implant.

2. Materials and Methods

A specific protocol has been established for calculating the preload applied to the
dental implant based on developing a device capable of measuring the force applied to
the prosthesis. This device must be designed to be usable by both right-handed and left-
handed individuals, thus ensuring that the measurement is independent of the subject
undergoing the test. The device primarily consists of electronic and mechanical compo-
nents. The mechanical part comprises the wrench, which is fabricated using additive man-
ufacturing through the FDM process [11], [15]-[18], while the electronic component con-
sists of an HX711 load cell connected to an Arduino REV4.

2.1. Technical Implementation, Software, and Comprehensive Mathematical Framework

Developing and implementing our measurement system is the optimal solution for
our specific dental implant preload optimization needs. The system's architecture inte-
grates selected hardware, specialized software algorithms, and a robust mathematical
framework. This combination is specifically tailored to provide the highest levels of pre-
cision and reliability in torque measurement for our application.

2.1.1. Hardware Configuration

At the system's core, we employ a strain gauge load cell meticulously calibrated and
integrated into a Wheatstone bridge circuit. This intricate network of four resistors is spe-
cifically engineered to mitigate the influence of extraneous factors, such as temperature
fluctuations and wire resistance, ensuring its role as a fundamental building block for
achieving precise and high-resolution measurements. The strain gauge itself is meticu-
lously crafted with a resistive wire, and its alteration in resistance, denoted as 4R, is quan-
tified by the following equation:

AR = R * (1 + 2 x e+ k * €"2) (1)

Here, € denotes strain, and k is a non-linearity constant that becomes negligible un-
der small deformations. The Wheatstone bridge's analog signals are amplified by an
HX711 Analog-to-Digital Converter (ADC), which is outfitted with a Programmable Gain
Amplifier (PGA). The ADC performs dual functions: digitizing the analog signals and pre-
amplifying them, thus enhancing the signal-to-noise ratio and making the system resilient
to electromagnetic interference. The HX711 is interfaced with an Arduino Rev3 microcon-
troller board, equipped with an ATmega328P microprocessor operating at a 16 MHz clock
frequency and featuring a 32 KB Flash memory. This high-speed, two-wire synchronous
serial communication protocol ensures data integrity and scalability, leaving ample GPIO
pins on the Arduino board for future augmentations.

2.1.2. Software Infrastructure

The software framework operates on the Arduino IDE, with a specialized library
dedicated to the HX711 ADC for seamless data acquisition. Written in C++, the source
code contains essential functions for the system. For example, "begin()" initiates the load
cell with predefined pins, while functions like ‘read_average()* and ‘get_units()" allow for
meticulous data retrieval and calibration.

2.1.3. Wiring and Signal Pathways

The wiring schema has been meticulously designed for optimal signal integrity as
follows:
e  E+(Green) of the load cell connects to E+ of the HX711 and also to the Arduino GND.
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e  E- (Orange) connects to E- of the HX711.
e A- (Brown) connects to A- of the HX711.
e A+ (Purple) connects to A+ of the HX711.
e  HX711 VCC is connected to Arduino 5V.
The TX and RX pins are connected to pins D2 and D3 on the Arduino board, respec-
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Figure 1. Image representing Wiring for Optimal Signal IntegrityE+ (Green) from the load cell con-
nects to E+ on the HX711 and Arduino GND. E- (Orange) is linked to HX711's E-. A- (Brown) con-
nects to HX711's A-. A+ (Purple) joins with HX711's A+. HX711 VCC is connected to Arduino's 5V.
The TX and RX pins are meticulously connected to Arduino board's D2 and D3, respectively.".

The system integrates a well-defined hardware architecture, specialized software al-
gorithms, and a robust mathematical approach. This multidisciplinary integration has un-
dergone meticulous calibration and testing to ensure that torque measurements meet the
requisite levels of accuracy for our applications in the field of dental implants. Through
the calibration process, coupled with algorithms that underpin the system's logic, we can
achieve measurements that closely align with industry standards and the specific require-
ments of our project. Additionally, the collected data are subjected to further statistical
analyses to validate the system's precision and provide a comprehensive understanding
of the complexities associated with preload optimization in dental implantology.

2.1.4. Calibration

During the calibration phase, rigorous protocols and least squares optimization algo-

_ XL (2)
-

rithms are employed to determine the calibration factor F with minimal error tolerance
precisely. This is calculated using the equation:

Here, ) L and }, P represent the sum of the sensor reading samples and the sum of
the known weights (in this case, multiple readings of 500g), respectively. The calibration
factor is then stored in the system's non-volatile memory to ensure consistent accuracy for
future measurements.

F

2.1.5. Design Prototype
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The torque wrench was fabricated using Siemens NX software. The component was
designed to facilitate usage by both left-handed and ambidextrous individuals. For sim-
plicity, Error! Reference source not found. illustrates the device configured for ambidex-
trous use.
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Figure 2. An orthogonal projection view represents the design of the torque wrench used for the
measurements.

The system involves mounting the load cell at one end using a threaded connection,
and the force acting on the system is calculated through the deformation of the free end.
The device was designed for additive manufacturing using the Fused Deposition Model-
ing (FDM) technique, with Polylactic Acid (PLA) as the chosen material[18].

Table 1. Mechanical properties.

Printing specifications

Density 1.24 g/cm”3
Young’s modulus 3100MPa
Tensile strength 60 Mpa
Elongation 9%
The printing parameters employed are detailed in Error! Reference source not
found..

Table 1. Specifications used to print the component with the FDM technique.

Printing specifications
Layer Height 0.4 mm
Infill Density 100 %
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Wall Line Count
Printing Temperature
Build Plate Temperature
Print Speed

200 °C
60 °C

60 mm/s

2.1.6. FEM analysis

To ensure the designed device withstands usage without structural failure, a Finite
Element Analysis (FEA) was conducted. The system was discretized using the specifica-
tions outlined in Error! Reference source not found.. The dimensions listed in Error! Ref-
erence source not found. corresponds to the number of nodes and elements resulting
from the sensitivity analysis.

Table 3. number of nodes and elements and type of element used during the FEA analysis.

Printing specifications

Element type Tetra 10 - Solid 186
Numbers of elements 23,905
Numbers of nodes 38,841

The system was constrained with a fixed boundary condition (depicted in gray in
Error! Reference source not found.) at the locations corresponding to where the wrench
for tightening prosthetic screws will be attached. Considering the most critical loading
condition on the system, it was subjected to a 20 kg force applied parallel to the axis of the
hole where the load cell is mounted (depicted in red in Error! Reference source not
found.).

T

Figure 3. Loads and constraints applied to the system are depicted in the figure. The loads are ap-
plied orthogonally to the xy plane, as indicated by the action lines on the left side of the image. The
screws are of a fixed type and are applied within the socket of the wrench used to tighten the system.

3. Results and Discussion

Based on the conducted Finite Element Analysis (FEA), it was determined (Error!
Reference source not found.) that the maximum deflection in the z-direction under the
worst-case loading scenario is 1 mm. The system has been fixed in place, rendering it im-
mobile and preventing rotation along the x-axis. However, during measurements, the sys-
tem is free to rotate, resulting in lower deformation values.
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Figure 4. deformation along the z axis of the component calculated in the most severe load condition
applied to the system.

In addition to assessing the maximum deformation experienced by the system, we
evaluated the accuracy of the load cell under varying applied weights. Accuracy was as-
sessed by calculating the Root Mean Square Error (RMSE) and the relative measurement
error across a weight range from 0.01 kg to 0.6 kg. These measurements aimed to deter-
mine the load cell's minimum detectable load variation. It can be confidently stated that
the load cell is capable of accurately detecting load variations as small as 20g.

Table 4. Accuracy calculating by the Root Mean Square Error (RMSE) and the relative measure-
ment error across a weight range from 0.01 kg to 0.6 kg.

Weight Mean Standard deviation RMSE Rel error
0.01kg 0.0128kg 0.0060kg 0.0028 kg 28%
0.02kg 0.0210kg 0.0026kg 0.0010 kg 5%
0.05kg 0.0486kg 0.0040kg 0.0014 kg 2.8%
0.1kg 0.0977kg 4.9237e-04kg 0.0023kg 2.3%
0.5kg 0.499%g 6.6299%¢-04kg 1.0000e-04 kg 0.2%
0.6kg 0.6030kg 1.1703e-16kg 0.0030kg 0.5%

4. Conclusion

The study aimed to establish a cost-effective and precise method for single-handedly
calculating the implant preload. Additionally, it sought to design a component suitable
for both left-handed and ambidextrous individuals, ensuring universality within the sys-
tem. The analysis results confirmed the viability of using PLA as the material for the com-
ponent, as even under the most challenging conditions, the maximum calculated deflec-
tion remained within 1mm. Moreover, the load cell utilized for measurements demon-
strated its capability to detect a minimum load of 20g. Future developments will involve
conducting experimental tests with users of varying expertise levels to assess the extent
to which the applied load varies among users and its potential impact on coupling failure.
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