Nano Energy 96 (2022) 107073

7%

nérgy

Contents lists available at ScienceDirect

Nano Energy

FI. SEVIER

 materialstoday

journal homepage: www.elsevier.com/locate/nanoen

Check for

Flexible six-dimensional force sensor inspired by the tenon-and-mortise e
structure of ancient Chinese architecture for orthodontics

Jiahui Hu®"%') Ye Qiu®™%", Xueer Wang ¢, Lelun Jiang ©, Xiaoyan Lu’, Ming Li?,
Zhiqiang Wang *™¢, Kai Pang h', Ye Tian ™™, Wenan Zhang ¢, Zhen Xu b Hengjie Zhang
Hangcheng Qi *™¢, Aiping Liu', Zheng Zhang *"°, Huaping Wu *">%"

a,b,c
)

2 College of Mechanical Engineering, Zhejiang University of Technology, Hangzhou 310023, China

Y Key Laboratory of Special Purpose Equipment and Advanced Processing Technology, Ministry of Education and Zhejiang Province, Zhejiang University of Technology,
Hangzhou 310023, China

¢ Collaborative Innovation Center of High-end Laser Manufacturing Equipment (National "2011 Plan"), Zhejiang University of Technology, China

4 College of Information Engineering, Zhejiang University of Technology, Hangzhou 310023, China

¢ Guangdong Provincial Key Laboratory of Sensor Technology and Biomedical Instrument, School of Biomedical Engineering, Shenzhen Campus of Sun Yat-sen University,
Shenzhen 518107, China

f School of Civil Engineering, Harbin Institute of Technology, Harbin 150001, China

& State Key Laboratory of Structural Analysis for Industrial Equipment, Dalian University of Technology, Dalian 116024, China

1 Department of Polymer Science and Engineering, Zhejiang University, 38 Zheda Road, Hangzhou 310027, China

i Center for Optoelectronics Materials and Devices, Zhejiang Sci-Tech University, Hangzhou 310018, China

ARTICLE INFO ABSTRACT

Keywords:

Six-dimensional force
Tenon-and-mortise structure
Deep neural networks
Orthodontic

Precise multi-axis operation is essentially required in orthodontics for tooth movement. Despite the development
of flexible multi-dimensional force sensors that have effectively perceived multi-dimensional forces, they still
face the challenge of simultaneously 3D force and moment in a single flexible force sensor. Six-dimensional force
perception can successfully operate objects that critically rely on directional tracking and accurate monitoring of
complex multi-axis stimuli. To realize the integration of sensing units with the perception of six-dimensional
force under even a soft touch, we design a flexible six-dimensional force sensor with tenon-and-mortise inter-
locking structures inspired by traditional Chinese ancient architecture. This unique structure enables conjunction
of deformation, which can be studied and decoded by Deep Neural Networks (DNN) with six-dimensional force,
including forces and rotating moments in the x, y, and z directions. This soft sensor with minimal size (7 x 7 x 7
mm®) and high detection accuracy (the DNN error is below 10~%) can be used in orthodontic treatment for
precise correction with a full collection of orthodontic force. This unique flexible six-dimensional force sensor
provides a new strategy for the design of multi-dimensional force sensors, paving the way for the development of
intelligent robotics, interactive human-machine interfacing, and advanced prosthetics.

1. Introduction

Wearable sensors have attracted great interest because of their
promising applications in human health surveillance and robotics
[1-13]. Flexible tactile sensors have been proposed that take advantage
of novel materials and designs of micro/nanostructures based on pie-
zoresistive [14-17], capacitive [18], triboelectric [19], and piezoelec-
tric [20-23] sensing mechanisms. These sensing schemes are sensitive to
various stimuli, including normal force [24,25], shear force [26,27],

strain [28-31], etc. However, tactile sensing is required for precision
manipulation tasks to provide feedback information of force and
moment in the x, y, and z directions. For instance, orthodontics requires
forces and moments to accomplish the task of moving and rotating the
teeth. Thus, developing flexible tactile sensors with six-dimensional
force sensing capability is highly desirable for future medical surgery.
Although six-dimensional force perception is possible using rigid
materials [32-37], they are hard to adapt to the various deformations of
soft interfaces. Remarkable progress has been made for flexible sensors
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with extended capabilities to detect various stimuli [38-42].
Multi-dimensional force perception was realized by introducing inter-
locking microstructures into the design of sensing schemes, such as
columns [43], fibers [44,45], and hemispheres [46] microstructures.
The contact area induced by the microstructures deformation experi-
ences distinct change and provides strain information for identifying the
external loads. Nevertheless, the distinction of different stimuli depends
on the changing trend of the sensing signal, thus making it difficult to
solve signal coupling to detect external stimuli further quantitatively. To
address the problem of quantitative identification of multi-dimensional
force, additional efforts on the multi-dimensional force sensing have
been explored by using anisotropic materials [47-54] or adding unique
bump structures [55-61]. The former relies on the differential sensi-
tivity of materials to stimuli in different directions to perceive
multi-dimensional  forces, whereas the latter responds to
multi-dimensional stimuli via the sensing arrays integrated on the sub-
strate with bump structures. However, these studies are limited to effi-
ciently decoding three-dimensional spatial force and lack the perception
of torque from physical stimuli.

Therefore, it’s still a challenge to enable six-dimensional force
sensing using flexible materials, which requires the design of a unique
structure to achieve six-dimensional force sensing and reduce the
mutual coupling of six-dimensional force signals. Here, we propose a six-
dimensional force sensor inspired by the tenon-and-mortise structure of
traditional Chinese ancient buildings. The upper and lower bases of the
flexible sensor with concave and convex interlocking structures provide
a unique strategy to develop sensing modules responsive to external
stimuli in six directions (i.e., Fx, Fy, Fz, Mx, My, Mz). The designed
structure allows the flexible sensor to associate external stimuli with
sensing signals, thus further quantitatively perceiving the six-
dimensional force. The force information can be mapped and cali-
brated by using the Deep Neural Networks (DNN), and the DNN error is
below 10~*. Thus, our flexible six-dimensional force sensor can provide
more force sensing information than existing works to quantitatively
detect complex external stimuli (Table S1, Supporting Information). As a
proof-of-concept demonstration, the flexible six-dimensional force
sensor is successfully integrated with braces to collect the magnitude
and direction of the orthodontic force during different stages in ortho-
dontic treatment. It is helpful for dentists to realize the force information
of teeth in various postures to reduce orthodontics’ side effects and
treatment cycle.

2. Results and discussion
2.1. Conception design of the flexible six-dimensional force sensor

The tenon-and-mortise structure existed commonly in ancient Chi-
nese buildings, providing tight interlock instead of screws. The recessed
part is called mortise, and the protruding portion is called tenon
(Fig. 1a). This unique structure allows a certain amount of deformation
in case of various loading conditions. Incorporating this structure with
flexible sensors, we built a flexible tactile sensor that can sense six-
dimensional force.

This work improved the previous graphic design thinking of flexible
tactile sensors and rationally arranged the sensing unit in three-
dimensional space through the tenon-and-mortise base so that the
flexible six-dimensional force sensor can have a unique signal response
in various deformations of the tenon-and-mortise base. The concave part
of the sensor base is the mortise substrate, and the protruding part of the
base is the tenon substrate (Fig. 1b). The force-sensing layer is folded 90°
along the small hole and bonded to the tenon substrate by adhesive,
followed by the acrylic tape to the mortise substrate. When the six-
dimensional tactile sensor is in different directions of stimulation, con-
tact deformation occurs between mortise substrate and tenon substrate,
squeezing the middle force sensing layer. The 12 pressure-sensitive
conductive sheets evenly distributed on the FPCB (flexible printed
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circuit board, Figure. S1, Supporting Information) are deformed
accordingly. This allows for the detection of six-dimensional forces
through the different signal response forms of the 12 sensing units. The
sensor can be made to the size of a fingertip (7 x7 x7 mm?®), and the
sensing unit has good performance (Figure. S2, Supporting Informa-
tion), which can be ideally used in human health monitoring and
advanced prosthetics (Fig. 1c).

For example, in orthodontics, malocclusion needs to be corrected by
applying orthodontic force. The six-dimensional tactile sensor installed
between the tooth and the braces maps the 12 channel voltage signals
detected in the orthodontic process to the six-dimensional forces (Fy, Fy,
F;, My, My, M,) through the DNN. It can help dentists know the ortho-
dontic force acting on the tooth surface and conduct orthodontics
(Fig. 1d). Therefore, this work has made a detailed exploration of the six-
dimensional tactile sensor’s action mechanism and performance
parameters.

2.2. Deformation mode of the flexible six-dimensional force sensor

The six-dimensional force-sensing capability of the flexible sensor
lies in the unique tenon-and-mortise structure (Figure. S4, Supporting
Information), which provides a strategy to generate various contact
deformation modes under the external stimuli in different directions
(Fig. 2a). In different deformation modes, the 12 sensing units in the
force sensing layer produce a change in the voltage signal in response.
The external stimulus is precisely detected by the corresponding form of
voltage signal change.

To demonstrate the superiority of tenon-and-mortise structure in the
flexible six-dimensional force sensor. This work qualitatively elucidates
the sensing mechanism of the flexible six-dimensional force sensor
through a complete set of numerical design tools and experimental test
protocols (Note S1, Supporting Information). The axes established in the
sensor are shown in Fig. S3. The finite element analysis results show that
the mortise base of the sensor moves vertically downward while the
vertical pressure is applied (Fig. 2a-I) and further squeezes the four
horizontally placed sensing units above the tenon base (Fig. 2b-I). The
stress distributions of the sensor indicate that four horizontally placed
sensing units are deformed with the applied pressure (Fig. 2¢-I). The
experimental measurement is further carried out to explore the voltage
signal response, which agrees reasonably well with results from finite
element analyses and the sensing units S3, S6, S9, and S12 respond
(Fig. 2d-I). Besides, the mortise substrate of the sensor is displaced
laterally under the lateral force (Fig. 2a-II), and two feet squeeze the
piezoresistive sensing unit placed longitudinally on the corresponding
side (Fig. 2b-II). Two longitudinally placed sensing units, S1 and S5 on
the left, are squeezed (Fig. 2c-II), leading to a tangential pressure-
induced voltage response (Fig. 2p-II). Note: Lateral force Fy and F,
deformation patterns are the same, and the response of the sensing unit
is different. The responses for Fy (+) are S1 and S5, and for F, (++) are S4
and S8.

Compared to the pressure-responsive behavior, the deformed form of
the sensor is more complicated and changeable (Fig. 2a-III and a-IV).
The mortise substrate rotates around the z-axis of the sensor after the
applied moment in the positive direction of the z-axis, whereas the tenon
substrate remains stable (Fig. 2b-III). The four legs of the mortise base
squeeze the vertical sensing unit in a counterclockwise direction,
causing the sensing units S2, S5, S8, and S11 to generate voltage signals
(Fig. 2¢-III and d-IIT). The finite element analysis results show that the
mortise substrate rotates laterally with respect to the tenon substrate
when the sensor is subjected to lateral torque (Fig. 2b-IV). After applying
lateral torque to the sensor through finite elements and experiments, it
was found that the mortise substrate rotated laterally relative to the
tenon substrate, squeezing the corresponding sensing units S1, S5, and
S9 (Fig. 2¢-IV and d-IV). Note: Lateral torque My and M, deformation
patterns are the same, and the response of the sensing unit is different.
The responses for My (+) are S2, S6, and S10, and for M, (+) are S1, S5,
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Fig. 1. Tenon and mortise structure of Chinese ancient architecture-inspired six-dimensional tactile sensor. (a) The tenon-and-mortise structure of the eaves of
ancient Chinese buildings. (b) The exploded view of the six-dimensional force sensor. (¢) The physical image of six-dimensional force sensor: (I) Flexible six-
dimensional force sensor; (II) Mortise substrate; (III) Tenon substrate; (IV)Force sensing layer. (d) Flow chart of application of flexible six-dimensional force

sensor in orthodontics compared with pressure sensor.
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Fig. 2. The sensing mechanism of the flexible six-dimensional force sensor. (a) Schematic diagram of sensor subjected to the six-dimensional force. (b) The finite
element directional deformation diagram of the sensor is subjected to six-dimensional force. (c) The sensor unit’s finite element equivalent stress diagram when the
sensor is subjected to the six-dimensional force. (d) The voltage signal response diagram when the sensor is subjected to the six-dimensional force.

and S9. The results show that the flexible six-dimensional force sensor
can fully use the four different deformation modes of the tenon-and-
mortise structure to detect complex external stimuli.

2.3. Experimental calibration of the flexible six-dimensional force sensor

To calibrate the sensor statically, we designed four loading methods
to load the sensor with positive pressure, lateral force, z-axis torque, and
lateral torque (Fig. 3a). For the convenience and accuracy of the loading
operation, this work uses the mechanical testing system (INSTRON
LEGEND2345) to load the pressure and uses the data collector (DAQ-
VANTECH USB_HRF4028) to collect data.

The three-dimensional force calibration method is relatively simple,
and the positive pressure is calibrated by direct loading. The lateral force
is obtained by converting the positive pressure through the L-shaped
fixture, and then the sensor is calibrated with the lateral force Fy,. The
three-dimensional torque calibration method is more complicated. The
z-axis torque calibration device is composed of @ mechanical testing
system @ moment arm ® bearing support (including bearing) @
rotating shaft ® connector ® six-dimensional tactile sensor @ support.

The device converts the vertical downward pressure into torque M, to
calibrate the torque M of the sensor. The calibration principle of torque
M,y is to calibrate by generating torque through the force arm. The
method is to use L-shaped support to make the force parallel to the top
surface of the mortise substrate. The force arm d is the distance from the
top surface of the mortise substrate to the center plane of longitudinal
sensing units. Then, the torque M,, acting on the sensor is obtained
according to the Formula M = Fd.

The calibration curve of the sensor is obtained by sequentially
loading six-dimensional forces on the sensor (Fig. 3e and f). According to
the calibration curve of the sensor, the detection range of positive
pressure F, of the sensor is 0.1 N ~ 3 N, the detection range of lateral
forces Fy and Fy are — 1 N ~ 1 N, and the detection range of torque M,,
My, and My are — 4 N-mm ~ 4 N-mm. When the detection range of force
and torque exceeds 20%, the interlocking relationship between sensor
substrates will be broken; meanwhile, the voltage change of the sensing
unit is too small to distinguish the pressure change. Due to various
factors such as hysteresis, creep, friction and clearance, and the influ-
ence of external conditions, the input and output characteristics of the
sensor are nonlinear to a certain extent. After cyclically loading the



J. Hu et al.

(a)

Nano Energy 96 (2022) 107073

(d)

1.0 1.0
—»—S7 —»—S1 —#—S82 —v—S4
0.8 ib:w—sll —+—S5 " 0.8 —=*—S510 —o—sa.:"'
o 1,
5 0.6 's,‘x =5 0.6 3
S 0.4 Y S 044 \
< \
0.2 i\“gi ] < 0.2 x
0.2+ —a—51 —+—52 —+—54 —+—S5 0.0 ",‘/ !
0.0, ——57 ——58 —#— 510 —s—S11 . ) oSy a— 0.0 oa o 22 o
: . r . . . , -0.21 —¢—S8 —*+—S9 510 512 02l —r—s7 s su—s12
00 0.5 10 15 2.0 25 3.0 -1.0 0.0 0.5 1.0 -1.0 -05 0.0 0.5 1.0
2 F. (N) F, (N)
(f) 0.9 —+—S2—+—S5 —=—S1—v—54 1.0
0.8 S8 —+—811—»—S7 —»—§: 0.8
:°0.6- o 0.6/
~ 0.5 >
2 0.4/
< 03] 2
< 0.2
0.2
0.0 0.0 o §] i §3 —s— 85 0.0, i - g
0.2 SS SG. : : Slz : 02 =89S 02458 S0 512
- -2 0 2 4 -3 -2-10 1 2 3 4 4 -3 -2-10 1 2 3 4
M, (N-mm) M, (N-mm) M, (N-mm)

Fig. 3. Static calibration of the sensor. (a) Positive pressure loading method of the sensor. (b) Sensor’s lateral force loading method. (¢) Sensor’s z-axis torque loading
method. (d) Transverse torque loading method of the sensor. (®Mechanical testing system®@Force arm®Bearing support (including bearing) @Rotating shaft®-
Connector for connecting the shaft to the sensor@®Six dimensional tactile sensor@support) (e) Sensor’s three-dimensional force calibration results. (f) Sensor’s three-

dimensional torque calibration results.

sensor with six-dimensional forces, the sensor was found to possess good
stability and repeatability (Figure. S7, S8, and S9, Supporting
Information).

2.4. Theoretical calibration of sensor and DNN calibration

When the outside stimulates the six-dimensional force sensor, the
voltage signals of 12 sensing units will produce a particular response. To
map 12 voltage signals into six-dimensional forces, we theoretically
calculate the calibration matrix Gc of the six-dimensional force sensor,
and at the same time, obtain the linearity of the sensor (Note S2, Sup-
porting Information). The calibration matrix of the sensor is the map-
ping relationship matrix between the loaded six-dimensional external
force and the output voltage of the sensing unit [33]. From the linearity
error matrix (Figure. S10a, Supporting Information), the measurement
accuracy of each dimensional force and torque component of the sensor
is as follows: Fy is 0.076, Fy is 0.107, F, is 0.135, My is 0.120, M, is 0.071,
M, is 0.067. To further improve the calibration accuracy, this work used
DNN for nonlinear calibration.

The calibration process of the six-dimensional force sensor using the

DNN is as follows (Fig. 4a): firstly, bias the experimental calibration
data, and randomly select 60% of the data as the training sample of the
DNN and 40% of the data as the test sample. Then, the column vector
S=[S1 S2 S3 S4 S5 S¢ S7 Sz So Sw Su Si2]”

composed of the voltage values output by 12 piezoresistive sensing units
is constructed as the input vector of the six-dimensional tactile sensor
DNN. The column vector Fy = [Fx F, F, M, M, Mz}Tcomposed
of the corresponding six equal force/torque components acting on the
coordinate origin of the sensor is used as the output vector of the sensor
system DNN. Considering that the 12-channel voltage signal has the
characteristics of nonlinearity and coupling, in the design of the hidden
layer, it is necessary to expand the dimension of the 12-channel data first
and then reduce the dimension, to analyze the hidden features in the
input signal as much as possible. In theory, the more nodes in each layer
and the more hidden layers, the higher the accuracy of the results ob-
tained by the network. In actual applications, three hidden layers are
finally retained to balance the computational complexity and the ac-
curacy of the results. The size of the hidden layers is 96, 192, 384, and
the activation function between the layers is ReLU. The root means
square error (RMSE) is used to describe the output loss of the training
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Fig. 4. DNN for the six-dimensional tactile sensor calibration. (a) DNN network framework diagram. (b) The number of training samples versus MMSE. (c) Training

error curve of DNN.

sample, and the loss function is optimized by the gradient descent
method. To obtain the minimum number of training samples to calibrate
the sensor output, we tested the decoupling ability of DNNs with
different numbers of training samples. By continuously reducing the
training set sample size, the training is repeated several times and cross-
validated using minimum mean square error (MMSE). The results show
that DNN can learn more good mappings when the training samples are
60% or more (Fig. 4b). We finally randomly selected 60% of all exper-
imental samples for further training to obtain higher training accuracy.
When the network is trained to 200 steps, the error magnitude is reduced
to 10~* (Fig. 4c).

From the error matrix, the measurement accuracy of each dimen-
sional force and torque component of the sensor is as follows: Fy is 0.042,
Fy is 0.082, F, is 0.008, M, is 0.011, M, is 0.012, M, is 0.004. When F,
direction is loaded, the coupling between dimensions in My, direction is
the largest, and the maximum error is 0.012 (Figure. S10b, Supporting
Information). Finally, the variation curve between the force value
measured in each sensor direction and the standard load force value is
obtained (Figure. S11, Supporting Information). It can be seen that after
being optimized by DNN, the sensor has high linearity and low dimen-
sional coupling and can identify the six-dimensional force with high
precision.
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We also evaluate the performance of the flexible six-dimensional
force sensor by comparing their sensing signals with the rigid six-
dimensional force sensor (Nano 17, ATI Industrial Automation,
Fig. S12, Supporting Information). For a more convincing comparison,
we specifically designed the compound force and moment loading
platform to apply the same force and moment to both sensors (Figure.
S13, Supporting Information). The compound force and moment loading
platform apply three-dimensional force or three-dimensional moment
by loading weights. The testing result indicates that the performance of
the flexible six-dimensional force sensor was similar to that of the rigid
six-dimensional force sensor under the same loading conditions (Figure.
S14, Supporting Information), with an error of about 9.4%, which can
meet the requirements of sensing accuracy.

2.5. Application of the six-dimensional force sensor in orthodontics

The current orthodontic treatment mainly relies on the patient’s
subjective perception and the dentist’s treatment experience, making it
difficult to acquire the orthodontic force with appropriate size and di-
rection to further minimize the side effects [62] (e.g., root resorption,
pulp inflammation, tooth pain, and loosening). Therefore, a flexible
six-dimensional force sensor is essential for orthodontics (Figure. S15,
Supporting Information). As a proof-of-concept demonstration, the
capability of six-dimensional force sensing of the sensor is then exploited
for the potential application in orthodontic treatment. Biocompatible
and durable materials (e.g., PDMS [63], PI [64], and PTFE [65]) were
adopted to prepare the sensor. We also demonstrated through finite
element analysis that the sensor placed between the brackets and the
teeth does not affect the transmission of orthodontic forces (Figure. S16,
Supporting Information). Meanwhile, PDMS as the preparation material
within the sensor does not affect the orthodontic results (Figure. S17,
Supporting Information).

We have conducted additional experiments to evaluate further the
sensor’s performance in a moist environment for orthodontics applica-
tion. Different orthodontic forces were applied to the bracket and sensor
by adjusting the shape of the archwire to demonstrate the sensor’s
performance under various forces. The six-dimensional force sensing
signals of the sensors were then measured in an air environment at room
temperature of 25 °C. Next, one set of sensors was placed in the air at
36.5 °C, and the remaining three sets of sensors were placed in an
artificial saliva reagent (AR-8802, Dongguan Kehong Chemical Co.,
Ltd.) at 36.5 °C to simulate a humid oral environment at 36.5 °C. The
sensing signals were tested once an hour for 7 h. The results show that
our flexible six-dimensional force sensor has a stable sensing capability
in the artificial saliva reagent at 36.5°C (Figure. S18, Supporting
Information).

Then we explored the role of sensors in orthodontics by integrating
flexible six-dimensional force sensors into 3D printed dentures (Fig. 5a).
During the process of orthodontics, the deformed stainless-steel wire
utilizes the release of internal stress to apply orthodontic forces on the
teeth through the braces, thereby correcting the teeth from the skewed
posture (green part) to the normal posture (blue region) (Fig. 5b). The
response of the four sensors installed on the tooth surface to the voltage
signal generated by the tooth orthodontic force, as is shown (Fig. 5c),
and the mapped six-dimensional force is calculated by DNN (Fig. 5d).
These six-dimensional force sensing information have unique advan-
tages in assisting dentists to obtain the orthodontic force of braces on
teeth, which can benefit the effectiveness of orthodontics treatment.

To further explore the role of the six-dimensional force sensor in real-
time orthodontic treatment, we use the sensor to detect the changes of
orthodontic force in the whole process of denture posture correction
(Fig. 5e). In the process of denture posture correction, the six-
dimensional force sensor can sense the magnitude and direction of the
orthodontic force on the teeth at each stage (Fig. 5f and g). In particular,
a larger torque and force are required to rotate and move the teeth in the
right direction (F = 0.45 N, M = 1.9 N-mm) during the early stages of
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orthodontic treatment. In the mid-stage of orthodontics, the orthodontic
force needs to be readjusted due to the change of the teeth position,
which leads to a movement of the teeth towards the right side (F =
0.26 N, M = 1.55 N-mm). In the final stage of orthodontics, a certain
amount of orthodontic force is necessary to be applied to maintain the
teeth in the same position (F = 0.15 N, M = 0.77 N-mm). Thus, these six-
dimensional force sensing information can assist dentists in checking
whether the orthodontic force is appropriate and whether the braces are
loose to timely adjust the deformation of the stainless-steel wire.

3. Conclusions

In conclusion, this work uses the tenon-and-mortise structure of
ancient Chinese buildings for reference to design a flexible sensor that
can quantitatively detect six-dimensional force, achieving a break-
through in the direction of the flexible sensor for six-dimensional force
perception (Table S1, Supporting Information). Here, when the sensor is
subjected to a six-dimensional force, the four different deformation
mechanisms will cause the 12 sensing units to generate corresponding
unique voltage signals. The signal response of the sensor under the six-
dimensional force is obtained through the calibration experiment. Then
the calibration matrix G. of the sensor is obtained after theoretical
calculation, and the average linear error does not exceed 0.082. We also
use DNN to optimize the calibration accuracy further and reduce the
average linearity error to 0.008. Meanwhile, the sensor has a wide
detection range (Fx 0.1N ~ 3N, F, -IN ~ 1N, F, —-1N ~ 1N, M,
—4N-mm ~ 4Nmm, M, —4N-mm ~ 4Nmm, M, -4 N-mm ~
4 N-mm). In orthodontics, the six-dimensional force sensor can effec-
tively detect the orthodontic force’s magnitude and direction on the
teeth and guide the dentists to conduct targeted orthodontics. We
believe that our research can provide new ideas for the development of
multi-dimensional tactile sensors. These multi-dimensional tactile sen-
sors can have various medical diagnosis tools and human health detec-
tion systems to help robots perceive more dimensional force
information.

4. Experimental section

Preparation of the six-dimensional force sensor (Fig. S9, Supporting
Information). Firstly, we prepared the mold of mortise and tenon base
through the 3D printer (Form 2, Formlabs), then configured PDMS
(Sylgard 184, Dow Corning) in the ratio of 5:1, vacuumed the PDMS,
poured it into the mold, heated at 80 °C for one hour. Then we got the
tenon-and-mortise base of the sensor after demolding. Next, cut the
pressure-sensitive conductive sheet (Sichiray) into 12 pieces 1 x 1 mm?
square. The pressure-sensitive conductive sheet is encapsulated on the
FPCB through PTFE to obtain the force sensing layer. Then, we pasted
the force sensing layer folded along the small hole (0.1 mm x 1 mm) to
the tenon substrate through adhesive. Finally, we pasted the four feet of
the mortise substrate with the force sensing layer by acrylic type to
obtain the six-dimensional tactile sensor.

Computational platform for the DNN model. This work uses the
Python language and the Pytorch deep learning framework to build the
DNN model, and due to the small size of the designed DNN, the exper-
iments can be trained using the CPU.
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Fig. 5. Application of the six-dimensional tactile sensor in orthodontics. (a) Schematic diagram of the six-dimensional tactile sensor installed on the denture. (b)
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