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Tool Holder in CNC machine where the cutting process happens
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I

Wu, P., Liljerehn, A., Magnevall, M., & Östling, D. (2025). A prediction of cutting forces using extended Kienzle-Sağlam force 
model incorporating tool flank wear progression. Machining Science and Technology, 1–17. 
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𝐹 = 𝑓(𝑏, ℎ, 𝑉𝐵)
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𝐹𝑡 = 𝑏 ∙ 𝐾𝑡1.1ℎ1−𝑚𝑡 1 −
𝛾

𝛾𝑡

𝐹𝑛 = 𝑏 ∙ 𝐾𝑛1.1ℎ1−𝑚𝑛 1 −
𝛾

𝛾𝑛

b

vc

fn

γ ° ° ° °

𝐹𝑛 = 𝑏 ∙ 𝐾𝑛1.1ℎ1−𝑚𝑛 1 −
𝛾

𝛾𝑛
∙ 1 +

𝑐𝑛1 ∙ (𝑉𝐵 ∙ ℎ)𝑐𝑛2

ℎ

𝐹𝑡 = 𝑏 ∙ 𝐾𝑡1.1ℎ1−𝑚𝑡 1 −
𝛾

𝛾𝑡
∙ 1 + 𝑐𝑡 ∙ 𝑉𝐵
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—𝐹𝑛—𝐹𝑡

γ = 5°

γ = 10°

γ = 0°

γ = -10°

𝐹𝑡 = 𝑏 ∙ 𝐾𝑡1.1ℎ1−𝑚𝑡 1 −
𝛾

𝛾𝑡
∙ 1 + 𝑐𝑡 ∙ 𝑉𝐵

Normal:   𝐹𝑛 = 𝑏 ∙ 𝐾𝑛1.1ℎ1−𝑚𝑛 1 −
𝛾

𝛾𝑛
∙ 1 +

𝑐𝑛1∙(𝑉𝐵 ∙ℎ)𝑐𝑛2

ℎ

Parameters for the extended model:

Ft

Kt1.1 mt γt ct

1462 0.22 120.5 0.289

Fn

Kn1.1 mn γn cn1 cn2

338 0.73 43 61.4 2.01
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Regression Analysis

On Dataset



 fn 0.2 mm/rev

vc 250 m/min

 

ap 2.5 mm 1.5 mm

γ -10°  -12°

λ -5°  -3°
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∆ 𝒉 𝑖 = 𝑓𝑛 s i n 𝜅 𝑖  

𝑭𝑞 = σ𝑖=1
𝑁 𝑑𝑭𝑞,𝑖 , 𝑞 = 𝑇, 𝑅, 𝐴          

𝑑𝑭𝑇,𝑖

𝑑𝑭𝑅,𝑖

𝑑𝑭𝐴,𝑖

=
1 0 0

sin 𝜆 cos 𝜅𝑖 0
0 sin 𝜅𝑖 0

𝑑 𝑭 𝑡 , 𝑖

𝑑 𝑭 𝑛 , 𝑖

0

𝑑 𝑭 𝑡 , i = 𝑑 𝑏 ∙ 𝐾 𝑡 1 . 1 ∆ 𝒉 𝑖
1 − 𝑚 𝑡 1 −

𝛾

𝛾 𝑡
∙ 1 + c 𝑡 1 ∙ 𝑉 𝐵

𝑑 𝑭 𝑛 , 𝑖 = 𝑑 𝑏 ∙ 𝐾 𝑛 1 . 1 ∆ 𝒉 𝑖
1 − 𝑚 n 1 −

𝛾

𝛾 𝑛
∙ 1 +

c 𝑛 1 ∙ 𝑉 𝐵 ∙ ∆ 𝒉 𝑖
c 𝑛 2

∆ 𝒉 𝑖

ap

Effective cutting edge



   

   

        

      

TR-VB

   

      

        

   

CNMG
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II

P. Wu, M. Magnevall, A. Liljerehn, and D. Östling, ‘Cutting force estimation in metal cutting tools: a study on a sensor-equipped cantilever 
beam’, in Proceedings of ISMA 2024 - International Conference on Noise and Vibration Engineering and USD 2024 - International 
Conference on Uncertainty in Structural Dynamics, 2024, pp. 1445–1456.
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𝐸𝐼
𝜕4𝑤(𝜉, 𝑡)

𝜕𝜉4
+ 𝑚𝜌

𝜕2𝑤(𝜉, 𝑡)

𝜕𝜉2
+ 𝑐

𝜕𝑤(𝜉, 𝑡)

𝜕𝜉
= 𝑓 𝜉, 𝑡  (1)

 

𝜙𝑟 𝜉  
𝜔𝑟 

𝐿 𝑚𝑚

𝑏 𝑚𝑚

ℎ 𝑚𝑚

𝐸 𝐺𝑃𝑎

𝜌 𝑘𝑔/𝑚3

𝐿𝑠 𝑚𝑚

𝐻𝑝𝑞 𝑠 = 

𝑟=1

𝑁
ℝ𝑝𝑞𝑟

𝑠 − 𝜆𝑟
+

ℝ𝑝𝑞𝑟
∗

𝑠 − 𝜆𝑟
∗  (3)

𝑅𝑒𝑠𝑖𝑑𝑢𝑒𝑠: ℝ𝑝𝑞𝑟 , ℝ𝑝𝑞𝑟
∗ = ∓𝑗

𝜙𝑝𝑟𝜙𝑞𝑟

2𝜔𝑑𝑟𝑚𝑟
 (4)

𝑃𝑜𝑙𝑒𝑠: 𝜆𝑟 , 𝜆𝑟
∗ = −𝜁𝑟𝜔𝑟 ± 𝑗𝜔𝑟 1 − 𝜁𝑟

2 = −𝜁𝑟𝜔𝑟 ± 𝑗𝜔𝑑𝑟 (5)

𝑚𝑟 = න
0

𝐿

𝑚𝜌 ∙ 𝜙𝑟 𝜉 2  (2)
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𝜙𝑟 𝜉 = 𝐶1 cos(𝛽𝑟𝜉) + 𝐶2 sin(𝛽𝑟𝜉) + 𝐶3 cosh(𝛽𝑟𝜉) + 𝐶4 sinh(𝛽𝑟𝜉) (9)

𝜙𝑟
𝜀 𝜉 = 𝛿𝛽𝑟

2 𝐶1 cos 𝛽𝑟𝜉 + 𝐶2 sin 𝛽𝑟𝜉 − 𝐶3 cosh 𝛽𝑟𝜉 − 𝐶4 sinh 𝛽𝑟𝜉  (10)

𝐻𝑝𝑞
𝜀 𝑠 = 

𝑟=1

𝑁
ℝ𝑝𝑞𝑟

𝜀

𝑠 − 𝜆𝑟
+

ℝ𝑝𝑞𝑟
𝜀∗

𝑠 − 𝜆𝑟
∗  (11)

𝑅𝑒𝑠𝑖𝑑𝑢𝑒𝑠: ℝ𝑝𝑞𝑟
𝜀 , ℝ𝑝𝑞𝑟

𝜀∗ = ∓𝑗
𝜙𝑝𝑟

𝜀 𝜉𝑝 ∙ 𝜙𝑞𝑟 𝜉𝑞

2𝜔𝑑𝑟𝑚𝑟
 (12)

𝜃 =
𝐿𝑒

𝑅
=

𝐿𝑒 + ∆𝐿𝑒

𝑅 + 𝛿
 →  

𝛿

𝑅
=

∆𝐿𝑒

𝐿𝑒
= 𝜀 (6)

𝐶𝑢𝑟𝑣𝑎𝑡𝑢𝑟𝑒:
1

𝑅
≈

𝑑2𝑤

𝑑𝜉2
 (7)

𝜀 = −𝛿 ∙
𝑑2𝑤

𝑑𝜉2
 (8)
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•

• 𝑓𝑚1 = 389.5Hz

𝑓𝑚1

(𝛽1𝐿)2
=

1

2𝜋

𝐸𝐼

𝑚𝜌𝐿4
 

→  {𝑓𝑛} =
𝑓𝑚1

(𝛽1𝐿)2
∙ {𝛽1𝐿, 𝛽2𝐿, ⋯ 𝛽𝑛𝐿}2

•  𝜁1: 0.22%; 𝜁2: 0.32%

𝑓𝑚1 = 389.5Hz
𝜁1: 0.22%

𝜁2: 0.32%
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𝜀𝑝(𝑡)

𝐹(𝑡)

𝐻𝑝𝑞
𝜀 (𝑠)

(𝐻𝜀 𝑧 )−1 =
𝐴 𝑧

𝐵 𝑧
=

1 + σ𝑘=1
𝑛𝑎 𝑎(𝑘)𝑧−𝑘

σ
𝑘=0
𝑛𝑏 𝑏(𝑘)𝑧−𝑘

𝐹𝑞  (𝑡)

•

𝐻𝜀 𝑧 =
𝐵 𝑧

𝐴 𝑧
=

σ
𝑘=0

𝑛𝑏 𝑏(𝑘)𝑧−𝑘

1+σ
𝑘=1
𝑛𝑎 𝑎(𝑘)𝑧−𝑘 = 𝑏 0

ς
𝑘=1

𝑛𝑏 1−𝒵𝑘𝑧−1

ς
𝑘=1
𝑛𝑎 1−𝒫𝑘𝑧−1  
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𝐻𝑚𝑖𝑛
𝜀 (𝑧)

𝐻𝑐𝑜𝑚
𝜀 (𝑧)

𝐻𝑐𝑜𝑚
𝜀 𝑧 = 𝐻𝑜𝑟𝑖

𝜀 (𝑧) ∙ 𝐻𝑚𝑖𝑛
𝜀 (𝑧) −1

𝐻𝑜𝑟𝑖
𝜀 (𝑧):

𝐻𝑜𝑟𝑖
𝜀 𝑧 = 𝑏 0

ς𝑘=1
𝑛𝑏 1 − 𝒵𝑘𝑧−1

ς
𝑘=1
𝑛𝑎 1 − 𝒫𝑘𝑧−1

𝒵𝑘

𝒫𝑘

—
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sin (50Hz) sin (200Hz)

sin (400Hz) sin (500Hz)

Time delay (Group delay):

𝐷 𝜔 ≜ −
𝑑

𝑑𝜔
Θ 𝜔 ≈ 0.305 𝑚𝑠

27/41



P. Wu, A. Liljerehn, M. Magnevall, D. Östling, Cutting force estimation in sensor-equipped metal cutting tools using strain-
force transfer function. Presented at IMAC-XLIII, Conference on Structural Dynamics, Orlando, USA, 2025 

III

•

•

•

28/41



II
q

𝐹 

𝐹 

𝜀𝑝 

𝜔𝑚1, 𝜁1

𝜔𝑟
′ =

𝜔𝑚1

𝛽1𝐿 2
∙ 𝛽𝑟𝐿 2

p

𝜀 𝑝
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- 𝜔𝑚1

𝑓𝑚1 = 748𝐻𝑧

𝜔𝑚1 = 2𝜋 ∙ 𝑓𝑚1
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- 𝜁1

𝜇𝜀1

𝜇𝜀𝑁

𝑇1

𝑇𝑁

𝜁1 𝛿𝑁, 𝑁 =
𝛿𝑁/(2𝜋𝑁)

1 + 𝛿𝑁/(2𝜋𝑁) 2
= 0.0094

where, 𝛿𝑁 = ln
𝜇𝜀1

𝜇𝜀𝑁
, 𝑁 =

𝑇𝑁

𝑇1 31/41



𝐻𝑞𝑞
𝑑 (𝑠)𝐻𝑝𝑞

𝜀 (𝑠)

𝐻𝑝𝑞
𝜀 (𝑧)

−1

p

𝜀 𝑝
 

𝑓𝑚1 = 784Hz
𝜁1: 0.94%
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𝐹 

𝜀𝑝 

𝜔𝑚1, 𝜁1

𝜔𝑟
′ =

𝜔𝑚1

𝛽1𝐿 2
∙ 𝛽𝑟𝐿 2

q

𝐹 



𝐹𝑜(𝑡) 𝜀𝑝(𝑡)

𝐻𝑝𝑞
𝜀 (𝑧)

−1

𝐻𝑞𝑞
𝑑 (𝑧)
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https://news.thomasnet.com/fullstory/miniature-accelerometer-weighs-0-2-g-820051

https://www.pcb.com/sensors-for-test-measurement/strain-
sensors/reusable-icp



𝜀𝑝

𝑝

𝑞 𝐻𝑝𝑞
𝜀 (𝑧)

−1
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𝜀𝑝

𝐻𝑝𝑞
𝜀 (𝑧)

−1

𝑝

𝑞

𝐻𝑞𝑞
𝑑 (𝑧)

𝐹𝑞(𝑡)
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𝜀𝑝

𝐻𝑝𝑞
𝜀 (𝑧)

−1

𝑝

𝑞

𝐻𝑞𝑞
𝑑 (𝑧)
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𝐹𝑡(1,1, 𝑛) 𝐹𝑡(1,2, 𝑛)
𝐹𝑡(2,1, 𝑛) 𝐹𝑡(2,2, 𝑛)

𝐹𝑡(1,3, 𝑛) 𝐹𝑡(1,4, 𝑛)
𝐹𝑡(2,3, 𝑛) 𝐹𝑡(2,4, 𝑛)

𝐹𝑡(3,1, 𝑛) 𝐹𝑡(3,2, 𝑛)
𝐹𝑡(4,1, 𝑛) 𝐹𝑡(4,2, 𝑛)

𝐹𝑡(3,3, 𝑛) 𝐹𝑡(3,4, 𝑛)
𝐹𝑡(4,3, 𝑛) 𝐹𝑡(4,4, 𝑛)

𝐹𝑡(1,1, … ) 𝐹𝑡(1,2, … )
𝐹𝑡(2,1, … ) 𝐹𝑡(2,2, … )

𝐹𝑡(1,3, … ) 𝐹𝑡(1,4, … )
𝐹𝑡(2,3, … ) 𝐹𝑡(2,4, … )

𝐹𝑡(3,1, … ) 𝐹𝑡(3,2, … )
𝐹𝑡(4,1, … ) 𝐹𝑡(4,2, … )

𝐹𝑡(3,3, … ) 𝐹𝑡(3,4, … )
𝐹𝑡(4,3, … ) 𝐹𝑡(4,4, … )

𝐹𝑡(1,1,2) 𝐹𝑡(1,2,2)
𝐹𝑡(2,1,2) 𝐹𝑡(2,2,2)

𝐹𝑡(1,3,2) 𝐹𝑡(1,4,2)
𝐹𝑡(2,3,2) 𝐹𝑡(2,4,2)

𝐹𝑡(3,1,2) 𝐹𝑡(3,2,2)
𝐹𝑡(4,1,2) 𝐹𝑡(4,2,2)

𝐹𝑡(3,3,2) 𝐹𝑡(3,4,2)
𝐹𝑡(4,3,2) 𝐹𝑡(4,4,2)

𝐹𝑡(1,1,1) 𝐹𝑡(1,2,1)
𝐹𝑡(2,1,1) 𝐹𝑡(2,2,1)

𝐹𝑡(1,3,1) 𝐹𝑡(1,4,1)
𝐹𝑡(2,3,1) 𝐹𝑡(2,4,1)

𝐹𝑡(3,1,1) 𝐹𝑡(3,2,1)
𝐹𝑡(4,1,1) 𝐹𝑡(4,2,1)

𝐹𝑡(3,3,1) 𝐹𝑡(3,4,1)
𝐹𝑡(4,3,1) 𝐹𝑡(4,4,1)

𝑓𝑛

𝛾

𝑉𝐵

𝛾 𝑖 = {−10°, 0°, 5°, 10°}

𝑓𝑛 𝑗 = {0.05, 0.1, 0.2, 0.3} [mm/rev]

𝑉𝐵 𝑖𝑗 = {0, 𝑉𝐵1, 𝑉𝐵2, … , 𝑉𝐵𝑛}



Shaker

Accelerometer

Force Sensor

Strain gauge 2

Strain gauge 1

R1

R2 R3

R4

B

C

D

VEX 

+

-
VOUT- +

A

Measured Acc.

Measured Force

Trigger Signal

Synchronized

Input 1

Input 2

Output 1

Output 2

Output 0 Input 0

Measured Data 1

Measured Data 2

Strain 1

Strain 2

DAQ Modula 1

Wave Function

Force Signal

Acc. Signal

DAQ Modula 2



Estimating the input force via the inverse strain-force transfer function

Quick sine sweeps ⨉4 (250 to 550Hz) Slow sine sweep (350 to 450Hz)

𝑓𝑚1 = 389.5Hz

13/14


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47

