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Accepted 19 May 2026 propag ,g . p .. . . g
errors. Because industrial robots have limited payload capacity, the spindle holder
must be lightweight while providing effective vibration suppression. This paper
Keywords: o proposes an auxetic spindle holder with a negative Poisson’s ratio. Auxetic
RObOt. machining structures become denser under tensile deformation, enabling them to absorb
Agxetfc structure . external shocks and vibrations. Finite element analysis was used to design and
Vibration attenuation optimize the holder, verify its auxetic deformation behavior, and evaluate its
Damping structural and vibrational performance. Compared with a conventional fully filled
holder, the auxetic design achieved greater vibration attenuation in machining-
relevant frequency ranges while reducing mass. The proposed holder can enhance
machining stability and surface quality without exceeding robot payload limits.
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Fig. 1 Auxetic structure
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Fig. 3 Re-entrant unit cell design parameters

Poisson's Ratio vs. 6
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Fig. 4 Effect of re-entrant angle on poisson’s ratio in auxetic
unit cell
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Table 1 Design parameter and value

Parameter Value

1 10 [mm]

20 [mm]

1 [mm]

h
t
0 30 [degree]
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Auxetic structure

T
(2]

Fig. 5 Auxetic spindle holder demension

v

Table 2 Auxetic spindle holder Design parameter
Value
120 x 120 x 70 [mm’]
50 x 50 x 70 [mm’]
1.681 [kg]

Parameter
Dimension (W*D*H)
Dimension (w*d*H)

Mass

unit cell] 8 x 8 Wi o] A w4 231& FHIIES A
T|oic}. ok AFRE 259] 71l (payload) Uoll A PL gH|
U 2 dAF BAE Hestn AWE Sy AR AHS 3
kg o|U|2 Agtst3l o, AZ A|Z(additive manufacturing) 7

719] A4 F7H250 x 250 x 320 mm)S 1T A|A AokS BT
Htedsto] Fig, 5 W Table 29 22 X2 Al =&3190th 15
/3 24& 9131 Modal s14& Ssto] 285 9] af 2

2

(@)
Fig. 6 Total deformation distribution result for (a) re-entrant
unitcell and (b) auxetic structure

Agsto] A FH 01]*191
H

BAskL 5 ABeolde

2.4 AlEsold Znt 2N
Re-entrant unit cello]] tist
6(a)e} 2ol A7 9ol F3s
BRRI5IYLh Table 32 4=
¥ Zold H|, o|2Ztute] oxE
Re-entrant unit cell& F0]7 = ¥ W oA 2F -0.849]
YAt Lol H|E JA|519en, o|E7ZF thH] oF 15%9] LAHE
Bt} 8 x 8 HiPE SFH Auxetic 7ol T3 A| B0l 2
o M, Fig. 6(b)ell LHERE HEe} ZHo] Unit cell 7F A32-80l
me 5 WY W) Tt e ghm 28 43 A5
{tt. Table 40f %2 tolefo] w2H, Auxetic 73 E3F
o Unit cell?t GAFSHAl oF -0.849] o} HIE UEyon,
OJ2%% tiH] oF 16%2] 2A17F WASgIt:. o2 oAb o]2

(o]

& BE 9 3R FHE =S FA0lM = Auxetic 23 . ] B
5 Frjo) 23 gano] 14 2 20 Agsiglon] 1Aye T o LEA A RIS Holelrl TIAE Ao A,
63 BEZIAIS) BE Q4 W 3§ Fo4E SRl w9 © oo ANE FADE 2 S TIEes St 93
Ha 274 27007 T Zo] 27 HIskoR 600 No| 274 5158 FollA tiAH o2 §FFo] 7heiAlE 2712 FA=2 f=d wh,
Table 3 Results of Poisson’s ratio and deformation in re-entrant unit cell simulation
Displacement Average deformation Pois.son’s ratio Poisson’s. ratio Error [%]
(verticlal) [pm] (horizontal) [pm] (simulated) (theoretical)
1 0.84 -0.84 16
2 1.69 -0.85 0 15
3 2.53 -0.84 16
4 3.38 -0.85 15
Table 4 Results of Poisson’s ratio and deformation in auxetic structure simulation
Displacement Average deformation Pois.son’s ratio Poisson’s. ratio Error [%]
(verticlal) [pm] (horizontal) [pm] (simulated) (theoretical)
1 0.84 -0.84 16
5 42 -0.84 16
10 8.4 -0.84 ! 16
50 42 -0.84 16
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Table 5 Nature frequency for auxetic spindle holder
Mode Natural frequency [Hz]
1 1304.7
2406.9
3049.9
3941.5
5919.1
6996.8

AN || |WI N

Auxetic Spindle holder Acceleration Time Response (FEM)
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Signal Conditioner Accelerometer
—3-@
dSpace MicroLabBox Model 482C15 356A32

Industrial Robot I Spindle controller

Robot controller Spindle

Nakanishi EMSF-3060k
Hi5a-520 Hyundai Robotics HH7 Spindle holder Assembly E3000

Fig. 9 Configuration of robot machining system

lli;illllll Il:]

:;‘ﬁil

Fig. 11 Experimental setup for robotic machining vibration test

Table 6 General Spindle holder design parameter

Parameter Value
Dimension(W*D*H) 96 x 96 x 70 [mm’]
Mass 1.731 [kg]
Difference* + 2.9%

*difference compared to the Auxetic spindle holder

UL AGE Z7] 919, 71E Auxetic 2WE Erie FAT A
(b) General spindle holder 9 ulgel HHE R AR RS Hadlel AAt

Fig. 10 External appearances of (a) the auxetic spindle holder ol =5 zol Wak 2 A% A7
and (b) the general (non-auxetic) spindle holder 15 531 59 A 2 Auxetic 727} Aol wlA]
fabricated for comparative analysis = FAA s B WEsHA A&staat o]—ﬂt} ig. 1004
AR T A5 ZT9 QS Table 604 A4F AWE 2T 9
A5 EUE Auxetic 72 HEo| T2 oot AE 4 B3 jjoke sio) o & o). 21 }J_ A AEle] Ax LS Fig,
E Hlal AH] Pl iR OR, YRl A% F27F Q= &5 9o iAo Q) olom, 29 74 Qat tiedt zth 7KL A2
(solid) FE= AFotolct. 5o] 229 AT 7MISHES 38l © sjkelz Tied 6449 A8 2B (Hyundai Robotics,
otof % 295 EOVF U AP /=S A HAS A pHyye Argsiele, 2B Aol HISa-S20 Alo}7]E o] &ato]

SHQTh WE7F 2 3 d9F AU E ET7F Auxetic AUE ET et

2385}ttt ATE-L Nakanishi AF2] EMSF-3060k 2&S A&
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Table 7 Surface roughness(Ra) measurement table by experimental conditions

1. Low RPM
RPM 10,000 20,000 30,000
Feed [mmy/s] 1 3 1 3 1 3
Auxetic 1.160 pm 1.356 um 0.791 pm 0.542 pm 0.628 um 0.442 um
General 1.587 pm broken 0.703 pm 1.835 pm 0.671 um 1.053 um
2. High RPM
RPM 30,000 40,000 50,000
Feed [mm/s] 5 15 5 15 5 15
Auxetic 0.629 um 0.662 um 0.534 pm 0.786 pm 0.390 pm 0.738 pm
General 1.076 pm broken 0.546 um 0.731 pum 0.725 pm 1.054 pm
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(b)
Fig. 13 Comparison of machined surface conditions (a) auxetic
and (b) non-auxetic spindle holders

. Fig. 12 F3}4 Golld S48 714= &
AE JeERH, Auxetic 215 ET(blue

= 7t 2Y 4 PIeRE ol

oH
oXx
re
%
i

N
N,
okl
™,

>
ook
L

ok i oft

=

oX

N

Rl s VY
=
Jo

2
rk

NE
ox
oXx,

166

Zrjo] ARAoR Flojd 4 9lee BRIsIT,
4.2 &
B Ao 28 7kE A Wsts A5 EAIS stast

9] Zol$: H|(negative Poisson’s ratio)sS 7}A& Auxetic 7-&
AWE 2T A0 A8ttt Re-entrant FENS] Auxetic
unit cell S 7|¥te 2 AAE A0E St R3AN(FEA)S
T e, dEA S Aol dsto] 12
AT Algdold Ax, AAH

=~

[e]

dlo
1o

Alglo| A& Auxetic
E 79 2719 7H
ge Aeye o,

2 TToMmE

Yr1g w3

3942

o F43tol,

A AN

N
f

m o

A
e
kv

ok ok
4
R

rE

Auxetic 2HE
49.6%77HA|

T

M ol
o

BN

il

o T F
N
i} s i

ax

>

38
L oo

oo
o} mﬁo

o oy
o H om

fr o o

o
% 3o
o
NS

N
-

fifol
fin)

ol
B
2
ok o
8,
T
o
N2
N
ol

30
Ir
Jo
ol
W
>
g
@
)

ol
wjy et
Ol-m —ml

AN

3

4

4

18,

ik

R
s O

-
ol
a
00
N
oft
olo
ofo
M
o
fu
1o



Journal of the Korean Society of Manufacturing Technology Engineers 35:3 (2026) 159~168

References

[1] Wang, W., Guo, Q., Yang, Z., Jiang Y., Xu, J., 2023, A
State-of-the-Art Review on Robotic Milling of Complex Parts
with High Efficiency and Precision, Robot. Comput.-Integr.
Manuf,, 79 102436, https://doi.org/10.1016/j.rcim.2022.
102436.

[2] Kim, H., Hong, T., Kim, S., 2025, Robot Posture Control for
Precise Trimming of Carbon Fiber Preforms, J. Korean Soc.
Manuf. Technol. Eng., 34:6 445-451, https://doi.org/10.7735/
ksmte.2025.34.6.445.

[3] Jeong, S., Kang, H., Je, H., Lee, S., Shim, J., Kim, K., Kim, H.,
2024, Research on Delta Robots for Miniature Object Sorting
Using Image Processing Technology, J. Korean Soc. Manuf.
Technol. Eng., 33:6 365-375, https://doi.org/10.7735/ksmte.
2024.33.6.365.

[4] Ji, W., Wang, L., 2019, Industrial Robotic Machining: A Review,
Int. J. Adv. Manuf. Technol., 103 1239-1255, https://doi.org/
10.1007/500170-019-03403-z.

[5] Wan, M., Shen, C.- J., Qu, X., Yang, Y., Zhang, W.-H, 2025,
Chatter Stability of the Robotic Milling Process Involving the
Influences of Low Frequency Vibrations in Three Directions,
Mech. Syst. Signal Process., 224 112014, https://doi.org/
10.1016/j.ymssp.2024.112014.

[6]Ji, Y., Wang, L., Song, Y., Wang, H., Liu, Z., 2022, Investigation
of Robotic Milling Chatter Stability Prediction under Different
Cutter Orientations by an Updated Full-Discretization Method,
J. Sound Vib., 536 117105, https://doi.org/10.1016/
JJsv.2022.117150.

[7] Li, M., Huang, D., Yang, X., 2021, Chatter Stability Prediction
and Detection During High-Speed Robotic Milling Process Based
on Acoustic Emission Technique, Int. J. Adv. Manuf. Technol.,
117 1589-1599, https://doi.org/10.1007/s00170-021-07844-3.

[8] Xin, S., Tang, X., Wu, J., Peng, F., Yan, R., Yang, W., 2023,
Investigation of the Low-Frequency Chatter in Robotic Milling,
Int. J. Mach. Tools Manuf., 190 104048, https://doi.org/
10.1016/j.ijmachtools.2023.104048.

[9] Kim, D., Lee, J., Seo, J., 2024, Toolpath Dependent Chatter
Stability analysis During Milling Process, J. Korean Soc. Manuf.
Technol. Eng., 33:2 107-112, https://doi.org/10.7735/ksmte.
2024.33.2.107.

[10]Jo,M. H.,Kim, H., Koo, J. Y., Lee, J. H., Kim, J. S., 2024, Signal

Acquisition for Effective Prediction of Chatter Vibration in

167

Milling Processes, J. Korean Soc. Manuf. Technol. Eng., 23:4
325-329, https://doi.org/10.7735/KSMTE.2014.23.4.325.
[11] Celikag, H., Sims, N.D, Ozturk, E., 2019, Chatter Suppression
in Robotic Milling by Control of Configuration Dependent
Dynamics, Procedia CIRP, 82 521-526, https://doi.org/

10.1016/j.procir.2019.04.053.

[12] Lee, J.,Hong, T., Seo, C. -H, Jeon, Y. H., Lee, M. G., Kim, H.
-Y., 2021, Implicit Force and Position Control to Improve Drilling
Quality in CFRP Flexible Robotic Machining, J. Manuf. Process.,
68:Part A 1123-1133, https://doi.org/10.1016/j.jmapro.
2021.06.038.

[13]Jo,J. H., Lee, J. H., Shin, K. W., Kim, T. G., Kim, H. Y., Lee,
S. W., 2018, 6-Axis Robotic Carbon Fiber Reinforced Plastic
Drilling Process Using Real-Time Path Control, J. Korean Soc.
Manuf. Technol. Eng., 27:3 175-181, https://doi.org/10.7735/
ksmte.2018.27.3.175.

[14] Yuan, L., Sun S., Pan, Z., Ding, D., Gienke, O., Li, W., 2019,
Mode Coupling Chatter Suppression for Robotic Machining
Using Semi-Active Magnetorheological Elastomers Absorber,
Mech. Syst. Signal Process., 117 221-237, https://doi.org/
10.1016/j.ymssp.2018.07.051.

[15] Chen, Y. -L, Wang, X. -T, Ma, L., 2020, Damping Mechanisms
of CFRP Three-Dimensional Double-Arrow-Head Auxetic
Metamaterials, Polym. Test., 81 106189, https://doi.org/10.1016/
j-polymertesting.2019.106189.

[16] Chen, Y. -L, Wang, D. -W, Ma, L., 2021, Vibration and Damping
Performance of Carbon Fiber-Reinforced Polymer 3D
Double-Arrow-Head Auxetic Metamaterials, J. Mater. Sci., 56
1443-1460, https://doi.org/10.1007/s10853-020-05366-z.

[17] Ma, L., Chen, Y. -L., Yang, J. -S., Wang, X. -T., Ma, G. -L.,
Schmidt, R., Schroder, K. -U., 2018, Modal Characteristics and
Damping Enhancement of Carbon Fiber Composite Auxetic
Double-Arrow Corrugated Sandwich Panels, Compos. Struct.,
203 539-550,  https://doi.org/10.1016/j.compstruct.2018.
07.006.

[18] Kim, J., Hegde, H., Kim, H. -Y., Lee, C. B., 2022, Spindle
Vibration Mitigation Utilizing Additively Manufactured Auxetic
Materials, J. Manuf. Process., 73 633-641, https://doi.org/
10.1016/j.jmapro.2021.11.051.

[19] Wallbanks, M., Khan, M. F., Bodaghi, M., Triantaphyllou, A.,
Serjouei, A., 2022, On the Design Workflow of Auxetic
Metamaterials for Structural Applications, Smart Mater. Struct.,
31 023002, https://doi.org/10.1088/1361-665X/ac3{78.



Juhyeop Park et al.

[20] Zhang, X. -W., Yang, D. -Q., 2016, Numerical and Experimental
Studies of a Light-Weight Auxetic Cellular Vibration Isolation
Base, Shock Vib., 2016:1 4017534, https://doi.org/10.1155/
2016/4017534.

[21] Liu, W., Wang, N., Luo, T., Qiong, Z., 2016, In-Plane Dynamic
Crushing of Re-Entrant Auxetic Cellular Structure, Mater. Des.,
100 84-91, https://doi.org/10.1016/j.matdes.2016.03.086.

[22] Gibson, L., Ashby, M., 1997, Cellular Solids: Structure and
Properties (2nd ed.), Cambridge University Press, Cambridge,
UK.

[23] Masters, 1. G., Evans, K. E., 1996, Models for the Elastic
Deformation of Honeycombs, Compos. Struct., 35:4 403-422,
https://doi.org/10.1016/S0263-8223(96)00054-2.

168

Juhyeop Park

Researcher in the Department of IT
Semiconductor Convergence Engineering.
His research focuses on robot machining and
manufacturing system.

E-mail: 2017122012@tukorea.ac.kr

Seong Hyeon Kim

Principle Researcher in the Industrial
Transformation Technology Department,
KITECH. His research focuses on robot
machining and manufacturing system.
E-mail: shkim@kitech.re kr

Jaehong Shim

Professor in the Department of Mechatronics
Engineering, Tech University of Korea.

His research interests include autonomous
mobile robot navigation with visual SLAM and
image processing system like as robot
hand-eye.

E-mail: jhshim@tukorea.ac.kr

Kihyun Kim

Professor in the Department of Mechatronics
Engineering, Tech University of Korea.

His research interests include design and
control for high performance mechatronics and

new pattering process and systems.
E-mail: khkim12@tukorea.ac.kr

Hyo-Young Kim

Professor in the Department of Mechatronics
Engineering, Tech University of Korea.

His research interests include robotic
manufacturing system with Al technology and
precision control system.

E-mail: kimhy@tukorea.ac.kr




	Auxetic 구조 기반 로봇 가공용 스핀들 홀더의 진동 감쇠 성능 연구
	ABSTRACT
	1. 서론
	2. Auxetic 스핀들 홀더 설계
	3. 로봇 가공 스핀들 홀더 진동 감쇠 평가
	4. 결론
	References


