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Abstract: Purpose: To determine whether the bending accuracy and operational efficiency of a newly-developed 
desktop robotic archwire-bending system outperform manual bending performed by an experienced orthodontist. 
Methods: A customized lingual orthodontic archwire with 9 bending nodes and two linear dimensional parameters 
(width and height) was set as the target specimen. Comparative tests were conducted using 0.5 mm round stain-
less steel archwires. Specimens were divided into robot and manual groups, with 12 replicates tested for each 
group. The robot group performed bending according to a three-dimensional (3D) stereolithography (STL) model of 
the target archwire, while all manual bending operations were completed by a single attending orthodontist. High-
resolution two-dimensional images of finished archwires were captured, and angular and linear bending deviations 
were quantified by image analysis software. Bending duration was recorded using a stopwatch. Results: The robot 
group exhibited significantly smaller deviations in three angular parameters and the height parameter than the 
manual group (P<0.05). No significant intergroup differences were found for the remaining six angular parameters 
and the width parameter (P=0.053). The mean bending time was 141.0±10.2 seconds for the robot group, nearly 
45% of the manual group’s duration (316.1±36.2 seconds), and this time difference was statistically significant 
(P<0.05). Conclusions: The proposed desktop robotic system achieves accuracy comparable to skilled orthodontists 
for most bending parameters, with superior precision in specific angular indices and vertical height. Additionally, the 
robotic system delivered faster, more efficient and highly consistent archwire bending performance.

Keywords: Orthodontics, archwire bending, industrial robot, dimensional accuracy, operational efficiency, digital 
dentistry

Introduction

Orthodontic archwire bending is an indispens-
able procedure in fixed orthodontic treatment. 
A well-contoured archwire must perfectly mat- 
ch the patient’s 3D dental arch morphology to 
deliver predetermined orthodontic forces pre-
cisely [1, 2]. Clinically conventional manual 
bending relies entirely on visual judgment and 
handheld bending pliers. This approach suffers 
from poor dimensional accuracy and strong 
operator dependence. Manual bending errors 
are exacerbated by the intrinsic springback 
property of metallic archwires and the comple- 
xity of multi-planar bending geometry [3-5]. 
Intra-operator and inter-operator measurement 
discrepancies inevitably occur during repeated 
manual fine-tuning, further amplifying morpho-

logic deviations of bent segments. Iterative 
manual adjustment also causes localized sur-
face abrasion and structural distortion of arch-
wires, and repeated plastic deformation alters 
the archwire’s intrinsic mechanical properties 
[6]. Beyond dimensional errors, prolonged man-
ual bending increases clinician physical fatigue 
and extends patient chairside waiting time, hin-
dering overall workflow efficiency.

To reduce reliance on manual operative skills, 
alleviate clinician workload, and promote digital 
and automated orthodontic workflows, robotic 
archwire bending has been proposed as an 
alternative clinical solution [7, 8]. Robotic sys-
tems demonstrate superior repeat positioning 
accuracy and faster displacement response 
compared to manual operations, while eliminat-
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ing human-induced operational error. Multiple 
archwire-bending robotic prototypes have been 
reported in prior literature [9, 10]. The LAMDA 
system was designed exclusively for planar  
lingual archwire bending and lacks vertical 
bending functionality, limiting its clinical appli-
cability [11]. Another prototype based on the 
MOTOMAN UP6 robotic arm optimized bending 
velocity and angular parameters for first-order 
planar bends only. The SureSmile system, a 
mature commercial digital orthodontic plat-
form, integrates 3D intraoral scanning, treat-
ment simulation and robotic customized arch-
wire fabrication with proven clinical efficacy 
[12, 13]. However, widespread clinical adoption 
of existing robotic systems is hindered by unre-
solved springback compensation defects, bulky 
structural volume, and high procurement and 
maintenance costs [14]. There remains an 
unmet clinical need for compact, low-cost, 
user-friendly high-precision desktop archwire-
bending robots.

This study introduces a novel compact desktop 
archwire-bending robotic system. Unlike con-
ventional multi-degree-of-freedom articulated 
robotic arms, this prototype adopts a planar 
modular structure consisting of independent 
wire feeding and bending units, with only five 
functional degrees of freedom including the 
clamping mechanism. It retains the capability 
of fabricating complex 3D archwire geometries 
while lowering manufacturing costs and reduc-
ing footprint for routine clinical use. The two 
primary research objectives were: (1) To elabo-
rate the mechanical design and closed-loop 
control strategy of the proposed robotic sys-
tem; (2) To compare the bending accuracy and 
operational efficiency between the robotic sys-
tem and manual bending performed by an 
experienced orthodontist.

Materials and methods

Experimental design and system configuration

Both robotic and manual workflows targeted 
identical lingual archwire geometries contain-
ing combined first-order and second-order 
multi-planar bends (Figure 1). Measured values 
included nine bending angles (A1-A9), trans-
verse width and vertical height, with theoretical 
reference values extracted from the validated 
3D archwire STL model (Table 1). Test speci-
mens were fabricated using 0.5 mm round 
stainless steel archwires (Suhang Wire Industry 
Co., Ltd., Shenzhen, China), a mainstream clini-
cal material with stable elastic modulus and 
reliable plastic formability.

For the robotic group, archwires were bent 
automatically after importing the standardized 
3D STL model into the robotic control system. 
For the manual group, all bending operations 
were performed by a single orthodontist with 
15 years of clinical experience, who strictly fol-
lowed the reference dimensional parameters 
and 3D geometric diagrams. Twelve indepen-
dent archwire specimens were fabricated for 
each group.

The core robotic hardware comprised integrat-
ed wire feeding and bending modules (Figures 
2, 3). The wire feeding module contained a 
pneumatic clamping fixture and servo drive 
motor, which precisely controlled linear wire 
advancement and axial end rotation (90° or 

Figure 1. Target archwire shape and parameter defi-
nitions.

Table 1. Target values of key archwire bend-
ing parameters
Parameter Target value
A1 163.1°
A2 155.5°
A3 137.7°
A4 117.4°
A5 117.9°
A6 90.0°
A7 90.0°
A8 90.0°
A9 90.0°
W 27.26 mm
H 11.24 mm
H, vertical height; W, transverse width; A1-A9, bending 
angles at nodes 1-9.



Robotic vs. manual archwire bending

5470	 Am J Transl Res 2026;18(6):5468-5476

Figure 2. A schematic diagram of the wire-fed-and-
bending mechanism for the robot system.

180°) to align archwires for first-order, second-
order and vertical bending planes. 

The bending module consisted of a fixed hol- 
low die and a rotating eccentric die. Traditional 
paired parallel dies require strict axial align-
ment and occupy excessive spatial volume. The 
hollow fixed die used in this study achieves 
stable circumferential wire clamping without 
redundant alignment calibration. The rotating 
die pivots around the fixed die to generate 
bending torque, and its flat top surface enables 
integrated archwire cutting after bending com-
pletion. The rotating die was connected to a 
stepping motor through a rigid coupling for 
torque transmission. The stepping motor and 
rotating die were mounted on a vertical linear 
slide module to realize automatic tool retrac-
tion during wire cutting (Figure 3).

Wire springback compensation strategy

The robotic control program integrates 3D path 
planning and material-specific springback com-
pensation. Metallic archwires undergo elastic 
springback after torque unloading, creating 
deviations between programmed and actual 
bending angles. To mitigate this error, prelimi-
nary springback quantification tests were con-
ducted on 0.5 mm stainless steel archwires 
across incremental bending angles. Collected 
springback datasets were fitted through fifth-
order polynomial regression to establish a pre-

dictive springback compensation model em- 
bedded in the robotic control algorithm.

Robotic archwire bending workflow

After importing the target archwire STL file, the 
system automatically calculated feeding dis-
tance, bending angle, rotational direction, and 
springback compensation offset. The robot 
sequentially executed wire feeding, axial rota-
tion and torque bending according to optimiz- 
ed path parameters without manual intermedi-
ate intervention (Figure 4).

Parameter calibration and outcome evaluation

Finished archwires were placed horizontally on 
a vibration-free optical platform. Two orthogo-
nal sets of high-resolution 2D images were 
captured vertically with a calibrated digital ca- 
mera, with a standard vernier ruler affixed for 
pixel-scale dimensional calibration (Figure 5). 
Images were imported into Image Measuring 
Software V6.0 for angular and linear deviation 
measurement. All measurements were com-
pleted by one blinded orthodontist with no 
access to group allocation information. Each 
parameter was measured in triplicate, and 
mean values were used for statistical analysis.

Bending duration was recorded using an elec-
tronic stopwatch. Robotic bending time was 
defined as the interval from STL model import 
to full archwire fabrication and cutting. Manual 
bending time covered the period from initial 
wire clamping to final geometric adjustment  
by the orthodontist.

All archwire blanks were sourced from a single 
production batch to eliminate material hetero-
geneity. Surface Vickers hardness was test- 
ed at three randomly selected points on each 
blank using an HVS-1000 microhardness tester 
under a 200 g indentation load for 10 seconds. 
No surface polishing or cleaning was perform- 
ed prior to testing to preserve original material 
properties.

Secondary outcome indicators included total 
contour length deviation, straight segment flat-
ness and surface morphologic quality. Total 
contour length deviation referred to the abso-
lute difference between the actual central line 
length traced via image software and the the-
oretical length derived from the STL model. 
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Figure 3. Explored view of the desktop robotic system assembly. A. Wire-feeding mechanism: A-1. Mounting bracket, 
A-2. Motorized rotary gripper, A-3. Synchronous belt linear drive module; B. Power supply unit; C. Schematic diagram 
of the overall structural layout; D. Bending mechanism: D-4. Fixed die, D-5. Rotating die, D-6. Coupling, D-7. Stepper 
motor, D-8. Stepper motor mount, D-9. Linear motor.

Figure 4. Bending process for an archwire bending robot system. A-C. Left bending process: The rotating die is po-
sitioned on the right side of the archwire and rotates counterclockwise to perform the left bend; D-F. Right bending 
process: The rotating die is positioned on the left side of the archwire and rotates clockwise to perform the right 
bend. 

Straight segment flatness was quantified as 
the standard deviation of vertical offset for 
each linear archwire segment relative to the 
horizontal reference plane. Surface quality was 

independently scored by two blinded assessors 
under standardized white light with 2.5× mag-
nifying loupes using a 5-point scale (5 = no  
visible scratchesand 1 = severe structural 



Robotic vs. manual archwire bending

5472	 Am J Transl Res 2026;18(6):5468-5476

Figure 5. The angle and distance parameters measured in archwire pho-
tographs using digimizer software. A. Photograph taken perpendicular to 
the first-order bends, with a millimeter ruler as a size reference to calibrate 
the deviation between the image and the actual dimensions; B. Photograph 
taken perpendicular to the second-order bends.

Figure 6. Deviation of bending angles between the two groups.

abrasion). Inter-assessor mean scores were 
adopted for statistical analysis.

Statistical analysis

All statistical analyses were performed using 
IBM SPSS Statistics 17.0. Data were reported 
as means, standard deviations (SD), minimum/
maximum values, and 95% confidence inter-
vals (CIs). The sample size of 12 specimens  
per group was determined based on prior orth-
odontic bending literature and preliminary pilot 
tests, rather than prospective power calcula-
tion. The Shapiro-Wilk test was used to verify 
data normality. Normally distributed data were 
compared by independent-samples t-tests, whi- 
le non-normal data were analyzed using the 
Mann-Whitney U test. Given 11 pairwise pa- 
rameter comparisons, the Bonferroni method 

was applied to correct type  
I error, yielding an adjusted 
significance threshold of P= 
0.0045. Consistent with ex- 
ploratory study reporting con-
ventions, uncorrected p-val-
ues are presented in the re- 
sults, with the corrected thre- 
shold noted for interpretation. 
A raw p-value <0.05 was de- 
fined as significant.

Results

Overall angular bending ac-
curacy

All 12 bending replicates were 
successfully completed in bo- 
th groups with no archwire 
fracture. Both groups achiev- 
ed satisfactory overall angu-
lar bending accuracy. Statis- 
tically significant angular devi-
ations were detected in three 
of nine bending nodes (P< 
0.05; Figure 6), with no inter-
group differences for the 
remaining six angles. After 
Bonferroni correction, these 
three angular differences and 
vertical height deviation re- 
mained significant, confirming 
robust results (Tables 2, 3).

Basic material properties and secondary mor-
phologic outcomes

Pre-bending surface hardness showed no sig-
nificant intergroup difference (P>0.05), con-
firming consistent initial material properties 
across test groups (Table 4). Secondary mor-
phologic outcomes were comparable between 
groups: total contour length deviation and st- 
raight segment flatness exhibited no statistical 
differences (P>0.05). Mean surface quality 
scores were 4.33±0.51 for the robot group and 
4.15±0.60 for the manual group (P=0.450), 
indicating equivalent surface abrasion levels 
for the two bending methods (Table 5).

Linear dimensional deviation of archwires

For linear dimensional deviations, transver- 
se width deviation was 1.39±0.17 mm (robot 
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Table 2. Formed deviation using robotic system

Deviation Max Min Mean SD
95% CI

Lower Upper
A1 (°) 1.48 0.5 1.01 0.29 0.82 1.19 
A2 (°) 1.7 0.67 1.15 0.30 0.96 1.34 
A3 (°) 1.82 0.63 1.14 0.35 0.91 1.37 
A4 (°) 2.06 0.68 1.16 0.39 0.91 1.41 
A5 (°) 1.75 0.72 1.15 0.30 0.96 1.34 
A6 (°) 1.84 0.64 1.17 0.34 0.95 1.38 
A7 (°) 1.82 0.63 1.19 0.32 0.98 1.39 
A8 (°) 1.43 0.31 1.04 0.32 0.91 1.25 
A9 (°) 1.91 0.72 1.24 0.32 1.03 1.44 
W (mm) 1.67 1.06 1.39 0.17 1.28 1.50 
H (mm) 1.27 0.63 0.96 0.18 0.84 1.08 
H, vertical height; W, transverse width; A1-A9, bending angles at nodes 1-9.

Table 3. Formed deviation of manual group

Deviation Max Min Mean SD
95% CI

Lower Upper
A1 (°) 2.72 0.67 1.61 0.58 1.25 1.98 
A2 (°) 2.71 0.25 1.38 0.69 0.94 1.81 
A3 (°) 2.35 0.19 1.31 0.60 0.93 1.69 
A4 (°) 2.92 0.04 1.37 0.82 0.85 1.89 
A5 (°) 2.92 0.73 1.87 0.70 1.42 2.31 
A6 (°) 3.37 0.44 1.66 0.88 1.10 2.22 
A7 (°) 2.33 0.26 1.39 0.59 1.02 1.76 
A8 (°) 2.43 0.46 1.50 0.55 1.15 1.85 
A9 (°) 2.52 0.23 1.38 0.67 0.95 1.80 
W (mm) 3.28 0.63 1.89 0.78 1.39 2.38 
H (mm) 2.54 0.61 1.57 0.59 1.19 1.95 
H, vertical height; W, transverse width; A1-A9, bending angles at nodes 1-9.

Table 4. Baseline characteristics of archwire samples before bending

Measurement Robot Group 
(n=12)

Manual Group 
(n=12) t P

Surface hardness (HV0.2) 245.33±4.25 246.15±3.91 0.489 0.630

Table 5. Secondary geometric and surface quality results after bending

Measurement Robot Group 
(n=12)

Manual 
Group (n=12) t P

Total length deviation (mm) 1.22±0.35 1.48±0.62 1.293 0.209
Straight segment flatness (mm) 0.14±0.05 0.17±0.07 1.378 0.182
Surface quality score (1-5) 4.33±0.51 4.15±0.6 0.769 0.450

group) versus 1.89±0.78 mm (manual group), 
with a marginal non-significant difference (P= 
0.053). Vertical height deviation was 0.96± 
0.18 mm in the robot group and 1.57±0.59 mm 

in the manual group, repre-
senting a significant impro- 
vement for robotic bending 
(P<0.05; Figure 7).

Operational efficiency of 
bending operation

The robotic system demon-
strated substantial time ef- 
ficiency gains. Mean fabri- 
cation time was 141.0±10.2 
s for robotic bending and 
316.1±36.2 s for manual 
bending, with robotic opera-
tions consuming only 44.6% 
of manual working time (P< 
0.05, Table 6). 

Discussion

Archwire bending bridges di- 
gital tooth movement plan-
ning and chairside orth-
odontic implementation. Tra- 
ditionally, this procedure re- 
quires years of specialized 
clinician training and pro-
longed chairside operation, 
yet manual workflows can-
not guarantee consistent ge- 
ometric accuracy [15]. This 
study quantitatively compar- 
ed accuracy and efficiency 
between a novel desktop ro- 
botic system and expert ma- 
nual bending, addressing li- 
mitations of prior single-fac-
tor robotic tests lacking con-
trolled human-group compa- 
risons [16-18].

The accuracy gap between 
manual and robotic bend- 
ing stems from fundamental 
positioning logic differenc- 
es. Manual bending relies 
on naked-eye visual estima-
tion and iterative handheld 
measurement, which are in- 
herently prone to subjective 

human error and low repeatability [3]. In con-
trast, the robotic system executes displace-
ment based on calibrated 3D digital coordi-
nates with a static positioning tolerance of 
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±0.01 mm and stable long-term operational 
output [19-21]. Embedded material-specific 
springback compensation further improves 
post-bending geometric accuracy. The fifth-
order polynomial compensation model off- 
sets elastic recovery before bending execu- 
tion, avoiding post-bending manual readjust-
ment. This finding aligns with existing studies 
verifying that proactive springback compensa-
tion reduces angular bending errors in robotic 
archwire fabrication [13, 22]. 

Single-pass compensated robotic bending min-
imizes repeated plastic deformation of arch-
wires [23, 24]. Multiple manual readjustments 
induce cumulative material fatigue: Tian et al. 
[6] verified that three or more repeated bend- 
ing cycles reduce archwire flexural stiffness 
and torque output, while four cycles significant-
ly increase fracture risk. Robotic single-pass 
forming avoids such mechanical degradation 
and preserves intrinsic archwire biomechanical 
properties.

justment, narrowing overall width deviation 
gaps. The robotic system’s stable error distri- 
bution is better suited for standardized batch 
archwire production than subjective manual 
adjustment [22, 27, 28]. 

All observed dimensional deviations fell with- 
in clinically acceptable thresholds. The robotic 
height deviation accounted for 8.5% of the  
theoretical target height, and width deviation 
accounted for 5.1% of theoretical target width. 
Minor vertical and transverse archwire discrep-
ancies can be compensated by bracket slot 
engagement and ligature adjustment during 
clinical bonding, and do not alter the magni-
tude or direction of orthodontic force delivery. 
Accordingly, the statistically significant height 
deviation advantage of the robot does not 
translate to meaningful clinical performance 
differences.

The robotic time efficiency advantage origi-
nates from automated feeding and integrat- 
ed bending-cutting workflows. Manual bending 
requires repeated template comparisons, di- 
mensional measurement, and corrective fine-
tuning, which prolongs operation time. The 
robotic system completes wire positioning, 
rotation, bending, and cutting autonomously 
without human auxiliary alignment, eliminat- 
ing redundant manual steps [29, 30].

Figure 7. Comparison of distance errors in the two groups.

Table 6. Time required for archwire bending

Time Max Min Mean SD
95% CI

Lower Upper
Robot 159 124 141.0 10.2 134.5 147.5
Manual 373 252 316.1 36.2 293.1 339.1

The differential accuracy per-
formance across parameters 
reflects distinct error accumu-
lation mechanisms. The robot-
ic system delivered superior 
precision for three localized 
bending angles due to stable 
torque control, while matching 
manual accuracy for the re- 
maining six angles. Transverse 
width represents cumulative 
error across sequential multi-
point bends: microscopic an- 
gular deviations at individual 
nodes accumulate along the 
horizontal axis, offsetting sin-
gle-point robotic precision ad- 
vantages [25, 26]. Manual 
bending, by contrast, produc- 
es systematic errors that cli- 
nicians partially correct sub-
consciously during iterative ad- 
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Modular mechanical design is the core advan-
tage of the proposed desktop robot. By splitt- 
ing feeding and bending degrees of freedom, 
the system avoids redundant articulated joints 
that cause cumulative positioning errors in 
multi-axis robotic arms. Simplified mechanical 
structures reduce equipment volume and man-
ufacturing costs, adapting to limited chairside 
workspace in dental clinics.

This study has four key limitations. First, tests 
were limited to 0.5 mm round stainless steel 
archwires and one lingual archwire geometry. 
Nickel-titanium and beta-titanium archwires 
exhibit divergent springback characteristics, 
requiring targeted compensation model revi-
sion for future application. Second, manual 
bending was performed by only one clinician, 
so inter-operator variability in manual accuracy 
was not evaluated. Third, all tests were con-
ducted in vitro; clinical outcomes including 
archwire fitting and patient comfort remain 
unvalidated. Fourth, sample size was deter-
mined empirically rather than by prospective 
power analysis, introducing possible sampling 
bias.

Conclusions

The novel desktop archwire-bending robotic 
system achieves equivalent accuracy and su- 
perior operational stability compared to experi-
enced orthodontists. Its compact footprint, low 
manufacturing cost and user-friendly workflow 
support widespread chairside clinical deploy-
ment. Future research should expand test ma- 
terial types, validate personalized archwire fit-
ting performance, conduct prospective clinical 
trials and optimize sample size design. With  
the maturation of digital orthodontic technolo-
gy, this compact robotic system will support 
closed-loop digital workflows from virtual treat-
ment planning to accurate execution.
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