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ABSTRACT

Diabetic foot ulceration can be prevented in case of the high plantar pressure
is reduced and transmitted from ultimate stress point to the total area of plantar
tissues. Custom-Made Insole (CMI) is one of the practical techniques to reduce
ultimate stress on the patient’s foot. In Thailand and several other countries, CMIs
are still made by a sequence of foot sole impression using phenolic foam, traditional
casting mould technique and the thermal vacuum forming method or so-called as
conventional method. The average processing time of this method is 6 hours per one
pair of CMI. This is considered a time-consuming process, and also resulting in costly
production. In addition, the old techniques also cause difficulties on imprint errors,
mould shape modification, and rely on technician expertise. By employing the
CAD/CAM technology and the rapid manufacturing process, CMI for diabetic patients
can be made fast, cost effective and less-labor intensive in comparison to the
conventional method. Therefore, in this research, the objective is threefold. Firstly, a
foot sole surface impression machine was developed to be compatible with the CMI
configuration. The reusable foot sole impression machine can replace the traditional
dispensable impression foam and the impressed foot sole dimensions are equivalent.
Moreover, this machine can effectively redistribute force all over foot sole surface
similar to the impression foam usage. The impressed foot sole data were utilized to
manufacture the CMIs and measure the foot sole pressure distribution. The
measured results showed that the peak pressure was reduced by 31 percent and the
foot sole contact surface was increased by 21 percent, comparing with the measured
data without the CMIs. Secondly, the impressed foot sole surface was digitally
recorded using a 3D scanner and processed to construct a three dimensional model



of the CMI. In this research, the instruction manual of these processes was prepared
to aid the user. Thirdly, the development of three independent spindles CNC system
and the CAM program for the multiple independent spindles CNC machine which will
be used for the CMI cutting process. The type of cutting tool and design cutting
paths were investigated. Later, the CMI manufacturing was carried out to evaluate
the proposed system performance. The produced CMI three dimension model was
compared with the original insole model and it was found that the error was small.
In addition, the optimum cutting parameters were established using cutting force
criteria. The relationship between cutting force and axial depth of cut was used to
assign the feed rate. Because the feed rate which relates to the Z-direction can be
varied among all spindles, two different techniques, fixed and dynamic feeds, were
applied and compared. On average, the fixed feed technique can cut a pair of insole
within 32 minutes, while dynamic feed can produce within 29 minutes. Meanwhile,
the overall production time of a pair of insole is 360 minutes in the conventional
method but the overall production time proposed in this research is only 75
minutes. Therefore, this system can cut down the production time to only 60% of
the time used in typical CAD/CAM system using the single spindle CNC machine, and

20.8% of the time used in conventional method.
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a a a v °
HUYUIMNLRUIT AN LLagﬂJmu‘VJum’]

1.4 A5AIUNUIY

F3nsetunsITetulseantdu 3 @ fe selsvisidy anuiviinisiae wwSeddle?
Taluan1ide Inetisivasidennal

o/

1.4.1 5208075738

1. Anynssanssudiiieadesiunssisnmsnanuiusesseavinangudeya
UINTAE

2. Anwnssaiimananususesseariiluiligtu Melulsemelnsuazsnaseme

3. ANWIRAUNTTUITNIHEALAUTEITEN TUIBL UM INERUNEIUA

a59ludsenealne



10. AnWIN159N9UYedlUswAsY SolidWorks tiiaasakuudnasd 3 4
11.

. AnwmannstuguTunuegTasilagldssuuniagyyinia (Vacuum

forming)

- mwnsusuuesesnatugUinvinlegldvann1snstuginauegasing

MelAENETLsINSLIINNEYN

& v A X | Y o v A a ¢ a =
. LﬂUGU@HaLV’]i@QﬂWGUUE‘UNWLVlWﬂUZJJﬂ’JEJIiﬂLU']W'NULWB'JLﬂi"WWLLa%L‘UiﬁJ‘UWﬁJ‘U

Poyanugudimlanninuiuiviwuuilugn

- Uuyssuasiamnipseanuguiwinlildnuldvangay azninuazuasasiy

=

. AnwinsldnunIasaunuiues 3 36 suwuusag wieldlunisiiudeyases

R luguuuuAdviaiiazain wszauuazuiu

. Ainwinisviuvedusunsy OrthoModel titeldlunisaiesnuiaivinaingy

NN ALAINLATaWaNY 3 IR

aa

Anwini1sieuveslusunsi Rapidform XOR tielalunisadng

LUUIIa89589417

12. AnwIn15v19uvealuswnsy SolidCAM ielglunisasnwuu G-code

13, WAIIAULUULAS 00RO UTUUUTIAALALY Lile LT AALAHUTD R LN

14. ivdeyarnudulddwinansewrinliaineiesinddudiuseuiisuiv

15.

16.

17.

18.

19.
20.

mstunvuldldseari uagvhnsesgideyauazasunadnsila

Waiwn Multiple spindles CAM software Litaa31393aA1d9 G-code N3
9ONLUULEUVNINISARTIAUTIAR WoAIUALLASEITEUTL U8R
(Multiple spindles CNC machine)

o v s Y v o a v o a o & 19
WAILIAULUULATIBLEUTLUUTaI89IAn nell 3 dnnauisadnduaule
wiouiuglunaie)
WawganudayaussiunmsinieimukazesnuuuAdnsnslaunusu
wWasuluausseganuanlunisiniiledusu (Dynamic feed rate)

] a A v Qy 1 I b4 1 v YV
negeullSpuiisunanlalunsinfunusiuso s mingzninnsinaae
LA3DITLOUTUUUIIFLY WUU 3 Wadanazuuy 3 Wialegldmonsinistou
Msuasulumuszezauaniunisinilotunu
daviTeuaziEu I Inus

wAlUINe DNUS LSO NI NAIUITY



1.4.2 #07UNNIN578

1. mseenuuukarUszRuginteaiuguingi meldusanseyinirdam
T¥a0ud
- AdEdmnssuaiesna Ausdrnssuans aardumaluladnszaon
NANAAUNNTAIANTET
2. meaeuuazvaeususndliluguyszneuvenaieafugudvih melduse
AszYTR
Taanud ;
- URINYINYNEATANERNS INSUVAUINLYY
- @010 ATHITINITNYAT
3. nsifuteyasuihndoeieafuguinvnaeldissnsevivigd i
Ta0nud -
- IsamguauIeau
- 159NeNUNRES UGS
- T5aneUNaalmLnY AT
- Tsanenunanesn
_Tsangnunangiat
4. pMsAnLasedeunslduASosEny 3 R
Tganui
- anUuidueuEUnS UANgRamnIINUY Jwinaymsusing
- AP IEINITUA3EINE AMIEAFINTINAIENS
- UWAMINYRUALULAENTIUAT ANLAAINTIUAERNS
5. msiudayanisnszateanuduledgi FeLA30TALT AL
THa0ud -
- 15958UN8UNTAIATUST AMTLIVEAEASASIIINEIUIA
UININLI1aUTNS
6. MsDONLULNATUTEAYSLATR N TLEUT
Tanui ;
- aAdendminssua3esna anzdnssueans aandumaluladnsyoey

NAINAUNITAIANTE U
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1.4.3 \w3a9dianlglun1siae

w3eadlefldlumsisuusznause

1. AeufAsMIBAINLSITIATT 16 Gb WieAusa1shisndd 100 Gb
2. WsunsuAwszafituiia Geomagic Qualify

3. TUsunsueenLUURURn Rapidform XOR

4. TSUNIUDBALUUNARNA N 3 8R SolidWorks

5. TUsunsueenuuURURIwHuse T OrthoModel

6. TUsunsueaNwUUMAAUlFLAS eI AEEUT SolidCAM

7. \ndean @B uT e Uiy 600 x 600 w.

8. Qﬂﬂiﬂi’i’mmmé’uﬂ%ﬁﬂ FSA pressure sensor

9. Tnluumwuuluan

10. vaL@sHANULLBS Delcam iQube Scanner, Sense Scanner, HP Scanner

11. TWsunsaAAsIE Rt uAIANUMETU MATLAB & SIMULINK

1.5 Uszlevinaininazlasu

1. leseadugudin meldanneiiusenssyiviswhildnuie vaeads fiannw
Tndidesiunsldinufuivh aunsoldsldnaeads lneliAsvesds wdoutheazan

2. psvvunnfuteyarimmaegluzuuuuiines feannsnaiadugudeyaseniu
uavUSulAsuLAla e

3. lilUsunsuiannsasenuuuidunnisiadldnadesuazamsanuauaiesiidud
WUUMAETNA b

4. ¢pSesdiBuduuunateaia Jaduuinnssuiivainaansarhaulundougsulunan
ety il sAvsnmuaraanailunsndnas

5. Ifszuunswdnsearinianizyanafifauwiug) annsanszateanuflddvile
fasadi wanldsng Wenawmdinssaiulunismdauiusesivhuarseardmiuiie
Wy fhelsasestn

6. anusaifiudneamlundnsesiinlisufinelsaumiulduniu ilenevausssio

= 1

ANNABINTTYREThElIALUIVINY Bellagiduduauiin



uni 2

4

155UNSSUUSVIAY

2.1 anuiialufeafulsaummanu

TsAiuwu (Diabetes Mellitus, DM) iulsaidedsiiinanamefuseulsianninasng
sosluuiiiitedn Suyduldifissoniessmelineuauswiososluuduyauldund vilvisname
fsvsuimaludosfinund mnldanansamuauenufaunfvesnniedinanld avdmwaliin
AMEUNINGOUA1Y 1wu LsrveUszamniiaund (Diabetic retinopathy) lsala (Diabetic
nephropathy) aeadenuuInlvg (Macro vascular) wazlsaidulszaminun@  (Diabetic

neuropathy) 851U lsAvaeaienauatandiy Lsamlauaslsavasniiondiulaieiivn [3]

2.1.1 TsAunsndauainuaneUszamidou (Peripheral neuropathy)

[ a

amzUaneUssamidontu Wuawmddyrasmaieuausalufthowmmny wasdle
nmpdulsramdulaedouazdmanssnusiowinded (4]

(1) sruudulssamdsnisiden (Motor neuropathy) dawalndnuiiowininanizseu
uswazdody Ranneiingdluandy nsudwiinudsuulady dwalifigesuiniinn
AnUnFkaze1ainuIakpaladelunasien

(2) sruuidulszavsalud@don (Autonomic neuropathy) d@swalwinisseuvie e
lptiaas nanziuiuanuazsiialuuiaunalaie Tasemzswadi

(3) sruuduUszAmI UL SANIAe (Sensory neuropathy) dssalitihedonnise lal
anusafuisuanefiinturnanuiou Anuby LasvosuvNAN FaRRLLIINATUTIRAUNG
W fUhoanansonuussivanseaviiildmnzauldun 9 videuiauna Ingliddnidulin 01a

neliAnnsuinldukardmwalidadioanaiy audilugnissnuilaluiian

2.1.2 aanun1saluazanindymn
lutagduussinalneignsnsiiuduvesUislumnunniusey  9198wINALaY

adfnudlul we. 2553 T8ns1geulay 8 Wosidud wazdifUauasd 607,828 518 [5] uay

Y

a

wudrlunguilasiumaui avilgvnseseinsuranaiuiiusnadwinladie  Tnedannun

INMINATIUAVTHAEIINALALLY wagBnavg fie n1suiansguasnuignees Lazenl
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ilviAauauNaanal  audswiawiluiian  AndeyareinsensiassaaunuItuliasy

AUefifesinwnduInfsUaziieu 10,000 518 [6]

2.2 NUNIUNTIUITNISHAALAUIDIR I LaZN1TATIdRUSDUNEY
TudagduiinsuiennalulagnadmnssuinuyiiNITIuuas HALINTSUIBTN1THEALHY

sesihwinfuegaunsvany Gaduiididglunszuiumsndnusiusesiinfonisiiugy soofium

fiifiooanuuuususesii Tunmsifudeyasesfusiviuiiendausiusosiane ety

| I3 aa as v a ¢ s S a aaa o
d11150uUseandu 2 15 A9 ’Jﬁai']\iLLNW@JW‘QU‘U@W?‘L@@iLL‘U‘U@NLfﬂllLLagjﬁmuqﬂigUQUﬂqiwqﬁ

AAINTTUTUYE

< a s v Y a
2.2.1 M3NUTBERUNTINLUUALAN
1 [ aa A
anansauUseanilu 2 35 Ae
(1) nsldyulanawesnenluiivinlaenss (Plaster casting [7-111) Fudwidnisiuguii

wuuliifiusanseviruusga (Non-weight bearing impression) laeuwanafiaaendluguil 2.1

JUN 2.1 wansnisiiiugudwindnenisldyulanames (Plaster casting technic)

2 mslglnnRLATN Li‘]umﬁugﬂmﬂéfuiqﬂizﬁwﬁ"arﬁhlﬁw (Full-weight  bearing
foamn) @adunssuisR3Eum191n AMMON CORPORATION Tnsuanssiognslugudl 2.2 Tae

Fanunutuaunsaltlaieansame Tuusemalngd U39 NS IALN
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JUN 2.2 uanaiiagenslalnuiamivindugurh

(3) Msldianpuinenaununislalnaiaivi
Saraswathy G. wazandy [12] lndnausudsdunan arslafsumnnsludama arsdoud
WAY WALAUUT AN NanALIUNSIEIWLRLYN Wenauiuudzlianwazaasuwdsiiee

v 1 =3 | Y v [ Y PN v v 1 aa 1 1%
LLﬁ@\‘iG]’J’e)EJ’Nﬂ'ﬁLﬂUEiJN']WHWJEJ'Jﬁ@LL{]QNUNﬁiJsLuEUVI 2.3 AANPNNANINVDAND EJE]EJﬁﬁ’WEJI@

anunsatanldlade 5 ass anelu 2 Weu wissanulilugidui 14 esmiwaidea

i 3 P ‘sv v ‘ 9 o
EU‘W 2.3 LLammiLﬂ‘UiEl?—JWiJ‘WLVI’]WJEJ’JaG}LLﬂ\muNam

2.2.2 msl¥nszuaun1smadanssudnanaiiegusiadgin
In15U1L01NTEUIUNITNNIIFINTTUNUINAIL ﬂizmumiLﬁugﬂiwﬂmﬁﬂmﬁul,l,agﬁ
ANSATIFBULDUNSU AIDE1LTY

a A 1

(1) maiuteyailnenseineinsesaunuaulia dadndunisasiagusiadnyiuay
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Lifusannseviad i (Non-weight bearing impression) é’mamﬂugﬂﬁ 2.4 YaYaNNI3
aunuazgnasluinsiagUldendosin@dud (Computer numerical control) i
syuusnaniaedndussuu  CAD/CAM (Computer-aided design / Computer-aided
manufacturing) %ﬂi%UULLiﬂQﬂwamaaﬂm Tl we.2531 lpguseym  American  Digital
Technology @iidai3enin Orthocan system w83 Grumbine N. [13] wagldinsundansillly

DYNLNINANY [14-16]

JUT 2.4 uananisaunudvinmeesesaunulawes 3 47 wuuanhmdnlanaviah

(2) nsldinosaunuaudf aunugusied i ulnluiusivin §93500.0un1s
assguaelausanseyimaviadei (Full-weight bearing foam) lnewandlugun 2.5
[17,18]

UM 2.5 uanansldinTosauwnuanuiifawnuliluiiusiyi
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(3) msldfaunsalssumnuguuaziiaesgusshvinlaenislduiamvindudinen

AUANY DT UMUMUAANG 9 wanadeesunsalluguil 2.6 [19]

(n) (@)

JUN 2.6 (n) wanaeFesdnaeslwvineieidy (v) ansgusndvndldanmsingusnia

(4) dnsAnwinisnszansussiuldiei Teevinisiuseuiisuse nansunuso e LUy
wuuSeu  wduseadnTindnanlnufiuiiinuasurusesrindings frewnsosdidudlngld
wuwesaUTdvandiwan 24 ¥ lesesiuilwinlusazdsiinssag Saduiugusieium
meldussnsyyinsdn uansngunsallusudl 27 uazudasAnduliaeswinhelsunsy
ComfortSpline iipadisuuusransluneufinmasuasintunumeiriedisud lunsiause
wuwesldgnindsliluiusesvhsuau 8 90 iegnisnszaisussdulstwiidednisldusiuses
dudsfeeunuy  anramsenuiwusesiinananliluwas indnannszuuFisus
aansnanusItugegaUinudurh Tnsdinsnszaeanusuliluuinadainsnats 3938ms

Naueuved KIS, LEUNG A. wazadg [20]

Subject !!!-‘ENL p

sits
here

Sensor
heads

JUN 2.7 uansdnvazvosgunsaliiuusindulAavead i
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2.2.3 M3nsIdeudaunduaen1sinnssauladaw
110 A./. 2004 Sicco A., Ulbrecht J. wazany [21] laanwinisiiawssnulanimn Tu
Fuaelsaummiusiuin 20 318 TasvhamsiSsuiisuussiuiuhiinainserinsususesiwi
2 wuu AeusiusesdivuuuGsudninazusiusesivnuuudnianzse Tnsuansiegndlugu
2.8 fi (n) fidnwaizwsiuBousssuamun 0.95 lwuAiluns vhanlndgimuluuas () wiudindn

i anzlaNUlALIISUNURYIN

(n) (¥)

JUN 2.8 (N) LARUNUTBIENWINLUUISEU wae (V) kansunusearvinAnRnIz e

PMNTIRENUIULHUTOW I (1) ImInsEangusInansausalunsegniiin

(Metatarsal head) sndagavnaulu Inguansiegrdlugui 2.9

Lat.
Hallux | Toe2| roag
-2.4 08| 27
(6.9 B8 649

Lateral
MTHs
-89

{10.0)

Medial
Midfoot

385
(20.7)

®
JUN 2.9 uanansnsengusinansausnadunszaniwiningaganiauly

118 A.e. 2012 Bijan N, Elizabeth B. uwagag [22] lomunwnusaadvind msugten
fdnuwaizgavings uwaglsvinsdnwiiedtuussiulaidwineusasndinldunusesdui el

nsfnwIusINAlaR Areaunsalinnsainatedn  Computerized pressure insoles U89
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Pedare, Novel Germany lngligiheduuuunuidussezne 40 M7 wagvinisiiudeya
wsasilarwihvaueiay wansinegsluzun 2.10 wazdayaussiularwinneulagndanisldusu
50989 wandlugun 2.11 naannsnaaesiulainmINEIEINITaNT VLTI UNAIUTLEN 9

Ludinlaesludeyanddglunislddinssiuulinvesnisifaunauazuunldunouwas

PAI9INNNT KN UTDIR N I B UAR

A B . 2ndPeak Amp. 770 kPa
_was— | TR
RF=0.55 Stance Duration
Raw || | |Scaled| | [Statistical |
Data || - Djstribution

lwfData ||

Peak P. [kPa]
Histagram

O A 05O

YA a
Time, [s] % of Stance, [%]

Gait Analyzer
Body Worn

JUT 2.10 uansnisnaaeanisiaulagindauasnisldsesyinnilusiuse sy

Pre using CFO Post using CFO

&

L

Peak PrkRa]

NS

UM 2.11 LAASHNANNTIALSINATELATENININDULAZNAINTS LA HUTDIE LI

1ud A.A. 2011 Huang C., Lee M. wagamy [23] laiauanssuiunsas1aunusa s
WwrzTemessuuToudlaenisidesesaunuiues 2 ga yausnidiiuteyadviuuudwinliag
U miln (Non-weight bearing impression) wansluguil 2.12 wazyad 2 WWuaunuiues 2 35 14

dwsutufingudwnvagsutivindmman Wedwilasuusang denagiinisnsyaredinlig
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o wiUasuluiinusnanidans Tagsuilaluduammanunuiveailownioasausy
soadwin Inguansitegnslusun 2.13 lngihdeyavianunluasisuuuinaasurusaadving e

TUswnsy OrthoModel

(n) ()

JUN 2.13 (N) wanadnuerasATeawnuLes 2 15, (¥) wanitoyaillaininsesaunuiues

'
aa o o

Tud A.d. 2016 Surmen K. hagAnz[24] Tavinn1simuIssUvawnY 3 TRAINISYINIUEIUY

nawaundinduiiofeduun tisilugunsaleaniuunnusodd LNz 518 TuNIA2835013
2ONLUUNNIUAM (The method of taking image) wandlugudiagan 2.14 wagnszuiuns

PONLUULAZATIMUUTRDMUHUTBIYN Insuanaiiagneanssuiunsiugun 2.15 uasndnwsy
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sead MmN sai@ugukuy 3 {7 (3D Printing) MewaUndiatumina1 uaniiegelugun
2.16

BOTTOM ROW

=] o [ d’lj a v '
E‘U‘VI 2.14 LEAIUUUINADINTINUYBLANUNINIYNTNAY

Task Process

Taking photos

Cleaning & surface
operations

Solid body operations

SUN 2.15 UAAINTEUIUNITOBNKUULAZATNUUUTIADIUNUTBIRWINAIEN ey

LFilament

Dispenser

Nozzle Spool

Molten
Material

JUN 2.16 uansegauniusoslviindamenisiuivugiuy 3 45 sgueundiaduiletie
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Tud A.ei 2019 Zheng M. wazaniz [25] lavinisfineinisesnuwuunkusearwvinlug v
vy Tnendstuaudionsissiuguiuy 3 7 Taseenuuulimususesannsniun
mudureaieTanldmuseanaiiouselondlunisannsnaruluuinadidesnis Taedinnsld
ponuuugUnsilassaiadiofagdeisnssudouiimamaluludiedums (Finte  element
method) tioTiaszvinsiuiniinuesdetaniasuansiogndluzud 2.17 waldnszuiuns
wAnusuzed e sldnsiaituzuuuy 3 3R nEauiusesiiaunsoeenuuuldianiy

nwduradasiaiawanaaiuld tnsuansiteg1aluzun 2.18

3U# 2.18 (n) uanauudasuiledageenwuulvilianuvuiuiuuansneiy, (1) uanauwsusosh

WA LARARNIUITET
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'
a0

N8N uIN Sl RRivve Mudnly WwiSasgudvihneldusm

a

nszangléviariadt GeagldguiniflndifesturasBuinniian Sadulsfuanefigaiiagdanld
TumsérsBauazlFouidisufunasguld  mafuguhedviniadesinlusasdivhldiuuss
nsvTta i (Full weight bearing impression) Wielsilsisuinisngasdniunisnan
uriuseslhdheszuuasymameftslunmseenuuuaz telunndn WilelrlFuiuseadying

aonsufuwinuniign  niswmuasesnedugulvnliaunsanudeyasesfiuiinlnglAes

& ¥ =

[y a [ 1 o v ¢ [y U 4 3 v { i
Aulnuiniwndaduddidy  nisldwuweiinnnudulalwinieuigesazdeseyeils

ATOUARNYIIVINII TrumannAGautos a1unsauwankaliedsdniau liteInenauLEes
lunsaldseanld  dldSuseavhnaiunsaiseariiindnainseuupeuiamesdielunis

panuuukazrslunisnds  Wlvlaegalannny  NSHAMLELIDIELNIAIENTEUIUNITAUNYY

a

sUkuy 3 fRduisnisinadasuanuaulunssusunsuanususaa sty inuAesny

AIUUB Lo TanuarTruIA lUAISHANTUOIAIEI AN FeluauiAne1alinsWaLIve

= a ¥ a b“;{ aa EJQy a 1 a ¥ ! < :’; v
L‘I/lﬂI‘L!IaUﬂ’]iﬂ\laﬁ]@'ﬁﬂﬂﬂiwmwmugﬂLL‘UU 3 4 Truauiinnuudaswasndalaograsivule



uni 3

NOURNAEIUD

3.1 ABUNALMDSUI8TUNITBINLUY ABUNLADIT28TUNISHNER LazADNNILNDSYY

Tusruadanssy

Tuilgtugramnssunmsndaiinsudstuiigedu s dudusmunmuesdudi s
WANTEY WaTAIINTIALIINNIABUALDIANABINITLALNSIAULAIYDIAAATITB YN
53057 Y ligndsdesdinisiauiwazamuisoufuuesuikuunisnanlianusoneuausdsieniny
Feansvesmataldiusiaei ilesminnisiauiegeoilosveunaluladsnluifaznisi
aeuiamesuntielunszuiunnanan viliansaeisqdanuaziBenuazifemnsags amsn
vhiuakdaldiiusiuaumnn venaniannsnanaailunissdaléunn Sedmaldannsnan
dunulunisndnas duneluladnisiuimnssuiidnundunuimbuegnsda fo alulad
AaumeIglun1TeenILUU (CAD : Computer-aided design), walulagnauinasdislunis
Ha® (CAM : Computer-aided manufacturing), ABUNALAD$TIENINIFINTTU (CAE : Computer-
aided engineering) uay Lﬂ%ﬁﬂiﬂamuvﬁm@ﬂﬁ’sl@% (CNC : Computer numerical control)
Dusiu

Aenamestglunseanwuy (CAD) Wurmeaunain Computer-aided design Wunis
UszenalenlusunIunieeaufinnes  (CAD  software) 11l¥eanikuuLazIN1A0ININTVIANA
(Geometry) tfloas19Tudau (Part) Judruiignadradusnidonituuudans (Model) iilesuay
ArwazAanlunsTouLuy (Drafting SuuuuIanmununTdsusutunszawiede 99
Aosenfeaduaiunsaaazunlulaenn lnedpeuiunesaiuisoasisuudiassaindeyaly
sULUY 2 §7 (Drawing) uamdluguil 3.1 wag 3 0 (30 model) uansluguil 3.2 Tnsnstou
Toyavilaazainsaddudiudeyuszarunsiindugly (Graphical user interface: GUI) a1w1sa

a v Y 2 a o w ° . . ° a av vy
Lﬁﬂﬂisﬁﬂqu‘l@lﬁﬁﬂlﬁ? DNVIYIAIUTALAAILUURNADY (Simulation) aﬂ']Wﬂ']iVl']ﬂ']u%i\‘iﬂ‘lfﬂ
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PONLUY Wafn¥1T18aziBenraiuIy ausalaseiseasideataraugnaedade Taglil
Judusiosad1atuausiunuy (Prototype)  Tunnasee Jaasviluiiduyuiazszezialunis

20NWUUNWILTY Tngausaunluswnsuiglunsesnwuululdusylovd aswu
® n15asUUUIIAed 3 dF (3D model) AssmuULUUIIINTSERNKUUlANMY

e n153ATIEY UseliuuiluuazUsulTateyatuudnaedlins e uluukagaIusanan
Fuanuldasanuiladumainumuudingussasivesiuny
o aunsaldvayalunisnds JULUUIN wavtayanndlidnimeTestionien 1w Jig, fixture

uagdu e lglutunaunITHan

T WATTEA AlLSTam, s 6 W
£ SOTE T3 §F FRES OF BABES, COMEDE RRC BN TEISITTING SANETE SECTICATE S
3 FET 0 U6 CaBA 406 TRET OF E1PS, MMM, M SRR fie

Ul 3.2 uansiogauuudiass (3D Model)


http://www.tecnetinc.com/
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sUsuudaestoya 3 iR (3D Model) amnsautseanidu 4 dnvuy fie
(1) doyauuulasadu (Wire-frame modeling) unsuansuavasuuuitaesdoyaidu

lnsadurey Inglusunsuasiudayaamadureurudunsiwasidulfesiiinveyn ilinis

¥ a

wanwinlasasnssdeailvuindn  wanwnlsazuansiesduraurinliienlafneudiaeinta

Y

WuNRINUARY Ineuanasitegluguin 3.3

UM 3.3 uanwiegunisasisuuudiasanuulasady

(2) VayauuuuR (Surface modeling) sUuuazilunisuanmandieiunisings 4

IATNANNEUTDRNULAL MERINUNAAS R UANEMASLWARE RI9UN (Face) WFBIIUINIENY 2

9

Iovluiuisn (Surface) U9 pdeldonuen nMsiiuteyawuuilasiiuteyaiduveu fidnves

! ¥ A aa (% o I A
AR LLasUBAANINANNU LLaWQ{;\'JEJEJNIUEUVl 3.4

5UN 3.4 Laneineeg 9oyl uUTIaa U UNUR,
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(3) Toyanuudiase 3 I/ (Solid modeling) ¥ila Constructive solid geometry 18un13
\utoyavesaiureensigunsadiunugIu (Solid primitives) 19U gnuaed, Nsinseuen, N3

nay, ay, #9180 ‘a4 lneas1enudunusiua838n13 Boolean operator 814U A1saULEN

! d' £ (%

(Subtract), N1553UAU (Union), 5Auanza@iunviugauny (Intersection) kagsiunigd@u bl

LYY

viuriu (Difference) Welnlasunssiuaunuineans lnsuansiteg1alugun 3.5

> SR -

/f\\ /u\i
9 o ;t‘:\
1

5UN 3.5 uanin1sasawuudnass 3 @ Aag38n15 Boolean operator

(https://en.wikipedia.org/wiki/Constructive _solid geometry)

(4) YoyauuuInaes 3 34 (Solid modeling) ¥iln Boundary representation (B-Rep)
1 14 o =3 1% dy a a A 1 [y Y = 1 v
L‘U‘UﬂfﬁaiqﬂLL‘U‘UQ']@@QI@EJﬂqiLﬂUm@Hasﬂaﬂwumﬁsaﬂu@ﬂ'ﬂLm@ﬂm@ﬂum@Q'ﬂiﬂ@u %QQSLUTJSU?);JU@

Y94 UK (Face), ¥oU (Edge), 3nyuvadiuml (Vertex) karAUduiusuasdayanivun wans

megelugui 3.6

5UN 3.6 Lanswinegensainauuudnges 3 fii Mg Boundary representation

(https://ielm.ust.hk)



https://en.wikipedia.org/wiki/Constructive_solid_geometry
https://ielm.ust.hk/
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uananmslilusunsureufinmeddisluniseanuuy  Lieadrstudnlinaudn §
TWsunsuiitisluanudiinseidndmnssudeundy (Reverse  engineering) 3ndae Taanisld
\n3pnawadaLnuues wuu 3 iR (3D laser scanner) Lﬁuﬁayjaauﬂuﬁuﬂaé’ﬁumu (Scanning)
wansnegnaluguil 3.7 e deyaifieairsluiaa 3 f7 vasnnlddeyatiliannsaunuuds Tu
AUt wazANLNFsasiuifiaiviunan sk iU Amnssudeundu 1
Fuglitu 2 asdUszney Ao

(1) BTy VIsesuuusaostiuduananame wietigademenie
gnviiane Tindupsumsaunuteya

(2) auunmaesteyaideinavdaldaniedesauny 3 f7 Tasgunmvesdeyadwinay
Juogifupuannsovenaiosaunuaiwes 3 47 ludwanussBealunisifudeyanniios
et Tnelusunsumaiuimnssudoundugnoonuuusnlfaiusausulssudlatigmiuin
yosuuuinansiitisn mafutoyaiilinsuvdeiiudeyadouriuiu lns Reverse engineering

software Tl uog9UNINaY 0519 Rapidform  XOR, Geomagic ~ Studio, Delcam

PowerSHAPE, Inca3D, Metrolog, PolyWorks, Scantools, 3DReshaper ey CAPPS Wy

5UN 3.7 uansinegedoyan1siaguauainnisainu 3 96 (www.artec3d.com)

Aeufmesslun1suan (CAM : Computer Aided Manufacturing) 1Jun1suaien

Tsunsunepeuitunestislumadeumddiasssdnsinfounlunmstuguauny


http://www.artec3d.com/
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Nndeyasuisnlinalsnonfimestiglumsndn Fudulud 1950 Fadunsseanw APT
(Automatic program tool) Tagn1s@sulusunsuyinuaninniides uagly APT adislusnsu
a3 (G-code) 2wy 1970 anunsaldsuiutoyaluaa ladsa
MnmswlandumensindeuiivenniosinslnelsunsutelunsuanuuRaduauiild
Mnlusunsupenimeitiseanuuuluifiu G-code Tnstunauiizonin Postprocessor process

yndwdunisidentdiniesdledauasdeyansfwesvenisdndeufiunzauiuiuiues

v a 1

wsnailodnulindne Inelusunsudlglunisnde dusiaunsaiagivuadeyasis 4 wandla

[V}
a Y o

WiaaSdutunaurensiuagunsusyIndavestunuiasdentdinosdodaud:  Tunau
solufion1saugUuL Insmnuamaiuvewnseslionn (Tool path) Ingluduneutl Tuswnsy
elun1IHEn 2wIN15IUNUTINRINTTUFUTUNY (Simulation planning) wandlugun 3.8 ite

anunsaneuunmdtaewhnulitaunIngady Wessivdeundeiinnainiiinainnsvugy

o v
v = IS

Funu - Meililenngunsavesduauiasieanlusunsuyislunisesniuy Ignideuduain
AMPBUAIABS (APT : Automatically programmed tool) fetuiesuduasdeaudadmdy

samdlddmsuniununso@dud wu G, M, S 1Wudu isldlusunsudds G-code Tigndes

Y
[ 1

auysalud gamdlazgnadluduasasdidudifietuguivnusely Inalusunsutisluniswds 7

T4fupgeunsvans asidu Siemens NX, PowerMill, ARTCAM, SolidCAM wag HyperMILL 1Ju

U

AU

JUM 3.8 Lanwieg19N15INa0udUN 1IN SRR LILIUYDINBNTR

(https://www.solidcam.com)


https://www.solidcam.com/
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ABLTIABITIBUNITIAINTTU (CAE : Computer-aided engineering) Lun1sien
Aouumesuarrednas CAD/CAM Wanldlunsudladyvmadmnssufifianugendudon
frzudlalasmatinnsinsziuuuiiue Fofuneninnesthsnunadmnsuiaduededion
Tlunsiuenginssuvesturulagldnsiunadamansuazingrmanssssuwfu
Usggnaltiunoufinmes lnosud 3.8 uansiognsnsdiassnsld Waunsuasufiamestaeanuy
maimnssy Tnneianuuduse Sdasvhlunesiunediisnumdimnssuy iinguszasdly
nsldemuile

- Usmdiumuudaussvedunuiiaenuuy

- fuvngaitunnsesnounIsasTonaRFuLUY

- vl unuiinagnausnumTRginmanINa Lo

- evhmamannuasyhmauilaufulgauay
Taevialu CAE Software  fiflunglusiesnanmilogunnuneusisisiangs o5igu Advance Design,

Autodesk Simulation, ANSYS way ABAQUS 1usu

SIEMENS

JUN 3.9 uansfog1en1391a09n13ld CAE Software FLAT18HAULTIS

(www.plm.automation.siemens.com)
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3.2 NMSATUANLATEIINILTIALAY (Computer numerical control)

mamuqum’%aﬁﬂu%qﬁuaﬁu (CNC : Computer numerical control) Wuszuuns
AuaNAduTAdamansassuuneninmes Wnessuupeufinnessiviniludiu

AIUANLAZEINTYINIUTBIREININg Laufudeyauarnisleudeyadialimsuasuudamiley

=

TudrwsnAdedlaviniseensuuiiuugsasinuinniesdioud  Juiisldlunisuds

Fuaruuiusodinlunszuiunisiansesinanisyrnalagans tnelidnvuzdunia

< aa

HOUT vuAdnuULEEIU TaszuuToudildusznouiiugiuiididy 5 diuddgfe

o

(1) d@ulusunsudaau (Part programing)

<

Wsunsudanulussuudiaudiidnuasduwnigadids luwdasuaiazlisia G-code 7

'
[y Y] o o

Weulllugduuuiisnes, duavuasdndnuel Fesvaynrddluisiaziolil asunusiiumisves

[ [
=

A5:AARUNUANEABNGA B LTINS UNISAIATUSUTUEIUL 1a8f0819999USASUAIIY 1y N5

Y

G1 X20 Y10 Z0 M03 52000 F200 1usiu uansiaegdluguil 3.10
rﬂ3Dlv"!_lalg=etﬂc—NuT:Epad rm El lﬂ‘ﬁlgj

File Edit Format View Help

o7 i
QEDO0 (005) L
N1 [COMPENSATION-WEAR)

N2 (Post Rev 1.0)

| N3 [AUG-03-0014-1051 B9PM]

N4 [TOOL 1-DIAB)

590 G17 G40 G0 GO0 G21

N5 G28 G91 20

NE GI0

N7 MOB T ()

| N8 [3DM-targst)

NO GO0 G54 GO0 X232 6114 Y-81 6237 C0. S1000 M03

N10 210

11 zz

N12 GO1 G942-145 F33

N13 GO2 %-235.1985 Y-85.6451 |-276.1592 J-66 4508 F100.

|| N14 235 521 v-86.0881 |-257 4297 J-69 8

N1B GO1 X-237.1637 7-92.8456

& == — = = _—

JUN 3.10 uanadog9Yndasu G-code MldunTosdoud

(2) druyansUeudeyavedlusuny (Program input device)

=

Tudrunisteudeyalusunsuasluiniosdiaud ald35nslouyamdsluiiulily
wheanudwesrsuiamesnouldtoumddiiuinie@ioud mensdsdygrumelviiciig
anedsdyayral (Interface bus) wanssinagdlugun 3.11 feaidudiufnsdeuasaiuauniosinsli

AR YaANEs G-code
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Mach3 CHC
File Config Function Cfy's View Wiards Operstor Plugin Contrel Help

rogram e A%.| WD A2 | Toolpat A | Onseis At | sotimgs At | Diapnastis At7 | Wil >G18 G1 617 G40 G20 590 94 G54 G40 G9A G4 GaT
) 255007 o llER
) -3.4420(7
| j_ﬁ
=) +0.00001=]

File: o File Loaded. -

-

Recent File Smole BLKALY | —— vt o =
Close G.Code. Reverse Run || TOO! 5* | — 100 100

_ Load G.Code| | Dia. +0.0000. " @ Y 9 &
Set Mex: Line..| :::::.I:p : H :0gn000) @ @

Edit G Code

FRO
Line o Flood CulE | Auto Tool Zera - GO0 RPM 1]
Run From Here | Dwel | [EV Mode J_Retumn Feedrahg o0 S-ov 0
S | ee==22:00:00:001 :

Onch Unitesin _ 0,00 Spindle Speed

Z Inhipit | Jog OWIDFE CriAlt-d —bhil)

G.Codes | M.Codes| #0000 | 5777 = 7 Units/Rev 0.00

sy | con Bl Profitesf)1achawi

3‘1] 71 3.11 uanssieg19lusunTL Mach3 1ums°f]ausuamat,wammml,a ﬂ'J‘UﬂllLﬂiaQT\]ﬂi

(3) mheAUANASYNNUYBA3es (Machine control unit)

mheauauM LI ssdivtfisuayinnaminevesfdsiduwanadiudou
Toyaveslusnsy nEmntufazulandudyarofiollmuauszuunsiundouteados
Foudmely IﬂEJWﬂEJﬂ’J‘LJmJﬂ’liV]’N’m“UaGLﬂ’iENLL‘U‘UE]aﬂLU‘u 2 daufiddy Ao druiiviming
g1ulUsin3u (Data Processing Unit : DPU) wagduiivinviniinuaunisvhinuveaniesdiud
(Control Loop Unit : CLU) 1w Arandaseu sasinistou nisiedeudivesuuaunu sy uans

fegndluguil 3.12

JUN 3.12 uansegireuiinnesddldlunsaiuaunsinnuueesesdioud

(www.codeavengers.com)
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(4) duynsyuuauANNISIAFEUN (Drive system)
< ! o dl' d' a2 A 1 < ! [ 1% o
Wuduaivaunistuindoulussuuin3odidwd wiseenilu 4 dundn loun duu
Auruuainaswuuludu (Stepping motor), diuAiuANNBIMDINIZLAATY (DC servo motor),
AIUAIUALNBLNBINITLAARU (AC servo motor) wazdiuniuaussuulansadn (Hydraulic servo

drive) Imwamﬁaa&hﬂugﬂﬁ 3.13

JUN 3.13 wansfiaog1ynIUANNSAGOUTIvEIsEUUBENT (https:/dealitnow.biz)

(5) dum3esdnsna (Machine tooling)
JudrunIeadnsiignesniuuniiegnaiuausiessuuYnAIuANAIITOUT a1u150

wisseuun1sauaueanilu 2 Anvuy As wuueseulauazkuuleseulln vionsHauNaIy

v 1

JENINNY 2 S3UU LneLAsesdnsiniuaumessuuUnsidyanuddudduuamasduniou

inlvyanenianiounlunuyndds Gcode  wiagliifiszuunsivaeudoundu (Feedback

Y1 A AY a

controlling system) 3alsianunsaiiaznsivaeuldirdyaanddldgniemsely vieldetinnain

W3ely dussuumIvANKULITEUTn Aeilyansiadeudygyindoundu Weynnaninnfouiiis

A q

a o

sunsilusunsuly sxdidyagunsaaeuieniunulinendanegn lneuaniiiog19a3esdoud

Tuguil 3.14


https://dealitnow.biz/
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UM 3.14 uanwhegruasesdninaluugeadiu (Mini machine tool)

(https://www.china-cncrouter.com)
wsasTouTanunsatluyssgnaldeulavainvans ey insesdnslddmsuauda
Weourilane (Milling CNC machine) laguanswiegslusun 3.15 esesdnslddmsununis

(Tuming CNC machine) Tnguansinegslusui 3.16

JUN 3.16 UARIDE10ATDINAITAUT (Www.indiamart.com)


https://www.china-cncrouter.com/
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3.2.1 YoRvauATaaRL U

1. fianuazidenigmsiaas LT un s uluuiaEe
2. aunsandnduaumisudulaidusiuiuuin

3. AUNS0AANTEUIUNISHAR AL AY

Y]

a. hidnIudedlinunuiiinusuazysraunsalgslunisauauiadosing vils
Usgndnanldany

5. mansaeuamaldhelneilisndufemaasunmniwyniuney

6. Tumsndnimnuadesmiazaiudaveuas anansnannaTlunsUsusaeies

= a A A
11959015 UAULATRIND

e A

3.2.2 4931NAVDLATDIVLDUT

1. lddglunisungeshuwge

& ada a a =

2. 1A3993NTIUTLUUTLOUTNIUSEAVEN MElI1A1ge
3. Lmngdmiunisudsndusunaies

4. 1 Yusedldaununianuduasinee lunsdeulusunsudenu

3.3 STUULNULASEIANS (Machine axis)

Tussuuiiesiionaszutinisindeuiivesszuvunuiiu 2 ssuu Aeuuuldadunss
(Linear motion) Wagkuuknumu (Rotary axis) TnsnsiadeuiiluuiBaduazindounluidy
SR ULLILNUEN93S (Reference  axis)  dnunisiadeuiLuumuazdunsmyusey
LN UE98e lnaunaugravnssuBidnvseling (EIA) lafmunuasgiudmviunisivuawny
vouadestiiud 1iluinss BIA-267-8 Tasimuaunusnegld 14 unudedu Ysneulude
STUULNULTAAU 9 Uy wazszuULNUMYL 5 unu Taessuuunuidaduvesadesinsusznauly
MEUNUBLEUUTUAN (Primary linear axis) 3 WA, WNUAEUNAEQI (Secondary linear axis)
3 uNU wasknudadunRund (Tertiary linear axis) 3 wnu Tudiuszuuwnuazysenaulumeunu

nauwuUUgunil (Primary rotary axis) 3 WNUWAE STUULNUKYULUUNABHT (Secondary rotary
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axis) 2 wnu walpealundna3eadioud dwlngfeuldszuuinuladu 3 unuwazhnunyy 2

WAY TUAIUNITIAIIF LA LITUITULN DA AUAN
3.3.1 ssvuunudaduuguadl (Primary linear axis : XYZ)

szuuknudadulgugdl gninvumduunu X, Y uar Z lnedmuawnulussuuinied

HouTagldngiidniiona lneuansiognsluguil 3.17
3.3.2 szuuununyulgugll (Primary rotary axis : ABC)

szvuununyulsugd andwuaduwnu A, B waz C Teelunisimvuedienienis
VYUTOULNY X, Y kg Z mudiau tnguansinegalugun 3.18 eiiamevaamsvyuling iu

IS IS
UDUBDUBDUIN

a

3.3.3 STUUBLNULTILAUN

9

83l (Secondary linear axis : UYW)

1A8LAT 99T UTUIUATDI9719TNITLAADUNVDILAUTUA UL AU ANT UL TA8WNULTULEY

NRLNT U, V uag W azaunuluiuunu X, Y uay Z auaisu
3.3.4 szUULNURYUNAEN (Secondary rotary axis : DE)

lgfidnes D wag £ 9egninanldunussuuknuvy U uunAgil Jaununyuiiazyuny

NUBNUTYU A, B lag C

Y a a

3.3.5 szuuunuUBLaUnfund (Tertiary linear axis: PQR)

u

aaa v v Y PN

Tuszuuesosdudnianududouning azldyassuunnuadeuiludy yai 3 vuu

9
al

v 1 wnusduduunuuguiild Feazunu P, Q uag R azuvuknudadunfsginvuiuiuwnu

Y Y

X, Y Wy Z anuainu
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~

+A

+X
JUM 3.18 AN IAMUATEUULNUMILULUUUTUAE A, B wag C aungiaan

T8 aNYAEYBINITARDUNIUTLUULASDITLOUT AURUS AUAINITO N INUA TasadassuUy
WNUO1989 (Coordinate  systems)  lagialuuaronliuvisdaiuinfounlaedouluniuuwun
damanu X, Yo war  Z lumdn menistmuafienisilduuinviseauasgniviunain

USHMEWER
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3.4 33UUNNAUBNALILS (Coordinate systems)

vannseenuuullsunsuslumssandmivaiiaynds G-code Aomsireenuuuli
desiednindeuiiluseugiuruiioainstunusunsusnadniuin Tunseeniuudiosaus
wvduausunsdla fddvvesfifiduodislu andoniadesdiodauuulvu uazaasasiden
\3eadngesls miLLﬂaqsﬁauuaﬁugmméwﬁlﬂLﬂu%umm%wzﬁmmﬁmwUﬁﬁ’mzq&?’nmm
Tnewrdosdidud  asilssuuiifndunsiiuansdsdnvarredua walu 2 sUuuy fo swuy

NARASALTYU (Cartisian coordinate system) wagseuURnAL@Iwa (Polar coordinate system)
3.4.1 sEUUNNAATSALT8Y (Cartisian coordinate system)

a v fal | a o . I a
FEUUNNAANTALTIUY 1190 SEUUNNARIN (Rectangular  coordinate)  WUsEUUNTEY

9

o 1 i & = o 1Y [
G]’ILL‘VT‘L!Q%IENQG]FLG]‘] VDIATULUALAUNAIRINYINULLASNU Iﬂﬁl?ﬂ?ﬂiﬂ'i%lﬂﬂﬂi%ﬂ’m XY, ZX Wag

(%
v a

YZ Toguandlugustegnem 3.19 Wngdwlnaissuiu XY asfouimualissuiuvedfsduiunu
lngsumnisvaaduaniaggniomluzuuuuveseunsuvedyn, Wunse uazidulas nanme dey
Ieglusuisvindinvesilvthduny (Part surface) ASzUIUNMTATIYRAIAT G-code HldszUY

YoIAaU (Coordinates) Liveasegunsasvadn lneszuuilaunsauansteilu 2 sUnuufe

JUN 3.19 uangUL UL UNANYRISEUURInAN LD
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3.4.1.1 s3UUd09R (Two-dimension system)

syuvansdd vide ssuuaeaunu Wussuufignaiistufodunssaonduiitiaindeiu
wazifu Tneflgadnveadunssanugagudfinagus (Origin point) fiffn X=0, Y=0 Tasidunsaiis
aoaduaziSuninunugadiu (Coordinate axes) Fa1A30MLNBYBIUNNL 2 fAt finsanoniiens

A o a o I aw sa A a A ° v
V]@@ﬂﬁ]']ﬂﬁ!@ﬂ']Lu@ IﬂﬁJLLﬁﬂQm?@ﬂqﬂWﬂﬂﬂqimL%SULLUU?{@QNWIUTUV] 3.20 I@ULLﬂu X %m‘wwﬂ,‘w

Y

a1 = [d

agn1sieveganiuiliadanluau uagniwinvesganuiazdanluuin ddusluuuideaiu

£Y o a

A I a1 [ ! < d‘ ! = o A = o !
Uy wag‘l,mmmmmzmmwuau LLﬁ%ﬂ’]LUUU’JﬂLM@EJQLWUEJ"QWT]L‘L!@ ‘ZI\WY]LWM\T“UEJ\T"\!G]ELG]‘]IM

9

a

LWIsEUNULAERAsLaEesUElag1983 YA L lle

N
y (2,3)
-—3.------.--.:
. |
(=3,1)
R —+1
é | | (O'IO) i LN
REIRE 50 D D R
: +-1
b
(-=1.5,—-2.5)+-3

SUN 3.20 uansiinan1sAlde uluUa sl

3.4.1.2 52UUdd9lA (Three-dimension system)

Tusguufiin 2 86 MINTANLNUAGIAY Z BnuwAuIui WIAUWAY X uag Y U8dssuu

Adu 2 1f rausoaeliiinszuy 3 45 vise 3 BAvulY visenanladisvuugadu 3 1Al

[ '
= 2/ = o %

#5197 unnNEuRsIisR N unaziuluaUe (Space)  TEUULEUASY AnUALALRUIY

= LY vy 10w 13 1 Y v v & P 1Y aa 1 v
mmauaumﬂwaLmu@mmmu X, y bae z dIUAUAANUNITLNUBUNUTZUY 2 1A ﬂaﬁ’l‘l(ﬂ 1

£% '
1 1o [ LY

oilazdugandauazdmganiuues x, y uaz z Wugud audau lneunuidueiuazyinliie

Y
1 U

FLUUEAIAU XY, XZ uaz YZ tnedrivun p dWugelaqluliol 3 I6 Agadu x, y wae z 8

a v

aunsaszylianszuuinmndusunugadulundasunuiugnadad 528N InINYA

AdalUamulwILAL X, y Lag z Ao AGNPIU X, y UAY Zz YDIIN p



3.4.2 S3UUNNALIYI (Polar coordinate system)

v

Tunsszymunisresiingwiazinangaenededdianduiad wazayuise

[ a

38

[y

uninu

wNue198e Insnanaiiegtluguin 3.21 Tnefiganndnvesssuuiidnainilugndisdauasiivnu

9

g19daduuny x vInvesszuuiinain lnefvualinyaduuindeianiuduuiniwazien

& 4‘ < a Ay a U @ @ A | v oA
HNLUU@ULM@WHUG\WNWNUWWﬂ’] ANSUDAATNAALTIVINNLLUIUU (R,O) I@EJ‘V] R unuAsAuLay 0

LLV]‘IJV’]IW‘ZJU’]@%J@Q%IN

(3, 609

(4, 210°)

5UN 3.21 uanassuuiiiniedn

luszuuinadetadedlvwinfifuny z medy agiafuszuuiinansanseuen (Cylindrical

coordinate system) Tnerimuagadu (R,0,2) lnsuanwinegnslugun 3.22 nessuuiidadasd

Usglevdlunisuszanuszuuisineadunesiuiatu (Helical interpolation) @iinisvyuegly

FEUNU XY Bazdn15AA0UNLUUTGAUIULUILAY Z TUNANAFIEAS SEUURNRLTIIILALSEUY

(% v 6 (Y

NWUﬁﬂﬂﬂ X ag'Y LLﬁﬂﬂ‘uﬁllﬂ’li 3.11ay 3.2
X =Rcos0
Y =Rsin6

lunsalngaiiliavesssuuiiingndslilaegsuisaziidavesiina gy

q

ANMUFUNUSANG X ha Y wandluaunis 3.3 way 3.4
X=X.+RcosH

Y=Y.+Rsin0

(3.1)

(3.2)

(3.3)

(3.4)
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JUN 3.22 uansszuuiinvnsenssuen

3.5 sTUUNIUTUILAReuiivaslinfna AT dieud

Tumseenuuuldsunsusatunudieniedidud HBnssvydhunitiun 2 35 fe
3.5.1 SzuuaamwwﬁLLWﬁQLLUUﬁ'ﬂJUUizﬁ (Absolute positioning system)
ddluszvuiimassyiumisieg weeonuudurifisufugasrsdaiae
3.5.2 S2UUUDNAMURUILUUEIUYYIE (Incremental positioning system)
sruuiinissryuminsdudfidndanqanountimigae

Tngssuunsszyiumissuuduysal wduiinisidldduiousnnniduas maed
asiugludiureseuiiawainvesiuml (Positioning errors) 189915 szyMUMLIILUY
duysaleziigndsdaiissgaiier mnianatnfaziafioagaiiealinsenuiugadug d1a91n
sruuMIsUBRMUMLILUUAUiNYe1e axiinsiasundasgadnsddluizeny ninfianaaiiies

R ligasialuRnlume
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Aav ¥ a o a2 A
3.6 ig‘UUWﬂﬂaq\‘ia\11u53UULﬂia\‘ismau‘?f

lunsesnuuulusunsudiglunisudn Wieas1s G-code AwApaiinsivungne198eg1
doanilaga teldlunsanafidadunislunisinfeunvasiinenin ynandavaiilazie
\Jugnauddnads (Zero setting point) aunsauwtseaniiu 4 daumeriu

v
S (J

3.6.1 3AAUY §919992041A3999n5 (Machine reference zero point) 9AllJUANLLA

9 9 9

(%

YA 0edns 1nea nilazdug wamﬂaauwaﬂmim

3.6.2 9AAUIH1989Y09YUIY (Workpiece reference zero point) mﬁrﬁuﬁ%ﬁmaa

Q 2

fatuanu aansafmualdinaniuigauulfizduiung dmiuindienagninusliogi

AAUEYDITUIIUALS

>

-

3.6.3 AAd19BEMTUNNAUAUNULAY (Reference return point) IaumaNTTugai

AMUUA AT LD LA AL UTULAARUNNAULN B13ldanna I ndgeszezl) enaninaluLia

(Spindle) 30 TR SuBueunduaUsssitdumiaiy
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8- Gperation ‘. Total : 20mm
- Depth - 667 mm. |E| Total : mm
... Feed - 1500 mm/ :
e S?ap[‘l] Depth : mm
i~ Total : 25 mm. Feed: mm.fmin.
Depth : 8.33 mm.
&) Step[d]
£5 Total : 30 mm.
i Depth : 10 mm -
i ’
| Cancel l | 0K l

JUN 4.45 uansnisimuuadimisiimesvessnsinisteudevuinaiudntunisiniiiotuau



80

6. vinnsivuAAn Levels Wianmumaa Tool Start Level vaamnugasusiuvasmanin
waze Clearance Level ¥p3mugevenaniniiognaeninvuzinfouiliioUesiunisvu

Fua Inguansiegavisnavedusunsulugun 4.46

a5 Milling Operation = |
gbPanel
Name : Tools Levels :
Apply
Ex 10273 Tool Start Level 10
Clearance Level ]
Model3D Levels :
| Part Upper Level | 35.000

(- Operation Part Lower Level 0.000

L4

Cemdin ]

5UN 4.46 uanan1sivuad1nns18mes Tool start level uag Clearance level

7. vn1sAmuaAT Operation L@ vuasULUUNSARTWIIL Rough  ARuuuneny,
Semi-Rough  ARLUURIIVUIUNAN Wag Finish AnuuUaziden  1ngUAAIAIDE19NTEIA1NTDS
Tsunsulugun 4.47  wavanansadensUluunsinuuy Xzigzag %30 Y-zigzag lAgUARS

magramiinsuadlusunsy Operation Finish Tugu# 4.48



a5 Milling Operation

gbPanel
MName :

Ex 10273

=%’ Geometry
e Target
- Coordinate
Tools
FeedRate
Levels

(- Operation

=

[==]
Parameter :
© | Reuh
e Sami-Rough
) Finish
[ Cancel H oK l

JUN 4.47 uanwmthilusunsulunisimuadizukuunisin Operation

a5t Milling Operation

gbPanel
HName :
Bx 10273
=& Geometry
’ i Levels
! %" Operation
y
<L

(=]
Process - ==c
e, t ;
Tools Path :  Zigzag - 1| S,
“Diameter -
Cutting : = §
05 mm

) Cut Mlong X or Y

@ Cut Along Pitch 5

(7) Cut Mlong X or Y and Pitch

Apply

Cow Lo ]

3UN 4.48 uanan1sivuaA3UKUUNNSAR Operation 1d8n Finish uagiden Cut Along Pitch

81
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8. LanIFoe19NEIANNTalUTLNTULLDNMUAAINITIAMD TR ATU  InBLanIfI0E19

ninsvedlusunsulugun 4.49

& Fomd Teliels

8 pip
(]
ew

Home

SHMH & ) v e M O i
Cpen Geometry  Tooks  DepthOiCut  Opesaion  Caluculate

Comerands. ) CAM Setung o CalculatedG-Code 7. St l

e

o | Smiston|
Tash
Tots 3
ah M m
Oracton: AunY
S Eled

5UN 4.49 uanantienglusunsULiloMyUARINIS 1RO H199 ATUNIVLA

9. vimsideniuy Calculate teINISAIMEUNasIULUUNMIAATUIIUTBLUAS
[ P Yo 5 S & A v Y 1 1Y) Sy a
WU G-code L‘WEJGL‘ZIFI‘ULﬂiﬁ]\i‘ULE]u‘ZILLUU%a’WEJV'Jﬂﬂ IﬂFJLLﬁﬂ\‘IG]’JE]EJ’]\‘MU’]G]’N%@QIUiLLﬂSiJGLuE‘U‘V]

4.50

|
i
!
1
!
d
!
I

-
T o) ]
® Forml

[NDODOT GOU G40 G45 GBD G21 o
NDODOZ GOD G53 Z10.0000 A10.0000 B 10,0000 g |
NDODO3 GOD G53 ¥0.000 YD.000
HOODO4 GO1 250000 A5.0000 B35.0000 F1000
{NDO0OT0 GO 0,000 Y0,000 20.000 A-34 500 8-34 500 F1500
{NDOD0T1 GO X2 958
|HOODO12 GO X11.833
|NOUDO13GOT X14.752 2:34.500
HOODOT4 GO X71.000

NDD0O17 GO1 X55 167 B-30 750
NDOD018 GO1 X56.208 B-30.747
MNOOD013 G0 %53, 250
. MNOOD020 G X50.292 B-20.774
00 NOO0OZT GO X47.333 B-30.884
X44.375 B-31.028
| |NDODOZ3GO1 %41.417 B-31.133
NOODOZ4 GO1 %36.458 B-31 373
NOODO2S Gl X35.500 B-31.616
IN!I]WIE G0 X32542 822114
{ X29,583 B-12.781
MNOOD0ZE Gl X26.625 B-34.500
| NDO0GZS GOT X14. 752
NDODO30 GO X11.833 Z0.000

3UN 4.50 uanamtinelusunsy Waliendn Calculate Liefimviun G-code
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4.3.4 Multiple spindles CNC machine

\3esdiBuTuuunaneiiia (Multiple spindles CNC machine) Qﬂﬁ’wmﬁumﬂﬁu
nszUuMIARsusesanzyaralagiow WelfiuUszansninlviaansoanaiiunisio
Funuauardinsdnunaunmvestuniliifismetunnudesnisais ndnnsdlasaiuey
dutsznourenaiesfunsfivgaiatuny nnduiaiendu 3 9 uaziqaeiu fe nend
W 3 sqmm:uﬁsaﬁwmué’uﬁuﬁ‘ﬁuummmﬁaLLﬂqﬁuﬁmiﬁNmLLasﬁm%umulﬂwi"auqﬁ’uléf Tny
Gqﬁmaﬂﬁ’mLwiamgma@é?qaE;Jjuuﬁqm'fum?{ammu X Tnguanssioganieadiduduuumaneiiialy

U7l 4.51

é' ¢} Three

- independesit - —
=

-----
--------
-----------
-------
------------
------
------
......
nnnnnnnnnn
------
------------
-------

Workpiece
JUN 4.51 uanafiegnunsosfduduuunaneiinfuluu vy

Tudruveaissusznaulusme unuduia@ou X Y Z A B 7iil Stepping motor NEMA23
Jugafds Wenroegiuwnumyuiuy Ball screw fufin1591137u 300x300x150 dadiuns Tu
WWIMAE X Y Uag Z aUaIiu 39eeniuuin imingauwasieana fiuruinadue1ilyingan

waeililiy 297 Tadwns ¥3e Wiguunsguwun 13US v3e 46EU ludusnsinistdougean

'
A v v sy v o v

gl 1,500 ua./unl Fsduiusiuiagitendnundawsuseswinidonldidulnly EVA anuuds

6 vo3 Tudwvasgpnenin (Spindle) anldiluneweasiuu 500W 100VDC szurenuiouse
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9107 fusedngs 0.55 N-m wyusieAusIgegn 12,000 seuseunil ldiumduaendiauwuy

ER11 Collet 6 fiadwns Feaziiulsingauamesidvuaan ieliszozisseninneniul

Y '
[ = 1

vafidu Sedinadenisudsiuiivesyanontarildesnediussdvinm  ludiuvosssuuaiuny
nMauenedasianuunateie Tunuideiidenlilusunsumuauaiesdiiudifunuy
Open source software %o Mach3 Fudus Controller software ﬁﬁamﬂua&mmrﬂu%yjﬁﬁ%
yanasssuan Inseiisaiign liveansaldgiuiaiosnenfiamesiily emuguiaios
#1547 Tusuuuu Window OS Platform lélasnss 3nita Mach3 éaflduaiunuiianuisaaua
unuldinnandie 5 unufe LU X Y Z A uay B Sshesenshluvszgndldiunisaiianies

FAUTLUUNAEIITANADINITUNUTULARDUNIVNA 5 WAY 9t Mach3  Famsnzauidusgng

110 IeuanIfitgeduUIENaUTaNAT T UTU UL ARLUSUN 4.52

|
| ' ! l Mach3 software
L | ——— . .
(I

5 axis interface board  Computer controller

Stepper motor driver

Multi-spindle CNC machine

JUN 4.52 uanpAUszNoUTeIATeITIdudLUUNaIE TR
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4.4 ANSNNBDIVDIIUIY
4.4.1 M3ANEINISUTBUTIEUAMNYNABIVBIVUIATDLWHUNLIN
MsnnaeskiunTInvLInANLNaE AN AUdREILaINSeERLTITTIEe IR
h) iaaﬁuﬁl,ﬁw'1ﬂIWMﬁuﬁLﬁflLLaziaaﬂuﬁLﬁwﬁléfmmﬂ%"aal,ﬁugﬂc'hLﬁﬂﬁﬁ@umsﬁummﬂ

NAdell Wnefnwuaziiuraunangiaeg $1uau 10 au 9nanusuiiovelsimeuianauny

(%
o v v

Fminunsusu Taoflongiade 65 Y dmiinda 48-80 Alansu dugs 165 Lwufiuns lnoviinis
\Futeyaannguiegnauanslugud 453 udwhmsauwnutoyaidudeyanavia iniesaunu 3 77
uduvastoyattlénta 2 uuu iudeya Ui (Surface data) #e TUsunsu Geomagic Studio
wazvihnsUsusruusesiuinlyiegluszuuifiontu Aeufiasdindudeyailiuduveusesiinm
winluguiuu 2 87 Tautinisin 9u1nA18e13 AU Iensdndiuniuens Tngamunln

A fo svazanuedwinlusunAenans

B Ao Amunwesinndruningsanniuniugndiluufnans asn 30%

C Ao AnunswesindIunansanfuA gl luLLaRnans as 50%

D fie AnunswasrihdLAu RSN fuALE 1w TuLLaRNans A 80%

Inguanssuiagrnsiniendeyalugun 4.54

JUN 4.53 wansioginsiiudeyadwinmelvuiuriviuasiasaafugudi
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A
A A ?
BfOo
C 50%
D 80%
Y
Y

JUT 4.54 uansdndiunisinvuinanuning enludadiuiegveaveuini

4.4.2 A5ANEIUTEANS AN IUNITNTLALLSINA AR MATIRALNITINUNUNSULTIVUZEU

1 1 ¢4
YDILHUTDIH N

¥ 17 '
a o

nnaalidunisAnuuszansamlun1snsza1eusnalaE LA La S N YU NUNSULS

[

VYBILHUTDIE WNIMAATURNIETIBAINNTINITEU TaevinisAnulundudiegisenaitadas
17w 24 Aaw ntUnAnwvedsuisuntegunsaldsuss uming1dvudina leeiade 24 U
wmdnda 49-89 Alansu diugs 168 wumwns lnevimaiudeyaainngusiegns lnatsuain

MIRHTIAIBLATLAUFURMINANLI LN Tn8uanIiiog1etunaun sRuRYTTuIUN 4.55

[ I

o & v aa 1% a aa A o 1% | v
Vnﬂ']iLﬂ‘UGU@lI_uaiugﬂLLUU@Q@@@@QSL@?@Q&LLﬂu 34U LW@U’]VL‘UaTNLLUQ']a@QLLNUﬁ@\?NqLW"Iﬂ@u

znAMdU LHUTDINILAZAITENNT 19YN1SHARLNUTDIHINLAN 24 5181A1 TIN50

[ '
a

USLANTAINNNTNITNTLANYLITINA LI NN AL AN UL NUNSTULTIVDILNUTDIELTIN VLT UMY

gunsalinusanaldwin FSA pressure sensor ¥8aU3EW HealthCare Innovations AUSTRALIA

faa s

wanamagelugun 4.56 Falasuarusindean lsuseuniegunsaldsuss ausunndmans

UAINNFEUTRA LAUTRLALUSIUTEUTENINNSTUVULN LT WIUNALAZ AT UUULHUTDA

Y

(%
[y

HINNARTUINNUI U
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JUN 4.56 uansunsnlinusanalai iyl FSA pressure sensor

4.4.3 nnagauilIguiisuaugndesvasfuauinevussaniamuaziaan nld
SN IATRTBUTUUUTIRAREILAZIATRI BB UTUU LA IR
nsneaesihiunisneaeulszdninmanugnaeswetuunli anAIeadduduuy
LY o o & v a o < a v 1 =
waevianie lngvinisindununaaeuiuluuiidnuusiluguauiadinuansitegslugun 4.57
WAEAIREUHUTONWYIN wansdiag1alugun 4.58 Wisuieuruintuanuainnsinuwsulng

EPS $8LATRITLHUTWUUNILALT F999NWUU G-code NTUTWNTYU SolidCAM  WasTuIIUaN

w3esTduTuuUraIeIingie Multiple spindles CAM software laerimuaguuuunisin
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(%
a

UMUKV Y-zigzag  Laonldaenin wdusaudnats 6 Tadiuns 8nsn1sleu 600 uu./uni

Amunasvezaudniunsiniletunuiu 20 fadwns szesvdumaiuga 100%

5U# 4.57 LanuuudaeatunugunsusAdinsuLuunaaey

JUN 4.58 wanlkUUTABITUNULHUTBEWIAUWUUNAZDU

Tunsimrueestuamwihnsinuaenizgliunugunsasadamzdedenisin
wn et muavuiansindndiuduiumtsing Ao M N C D E F G H | uaz J Bauang
fhogndlugy 4.59 hmsfamadeutunu 3 Suluuiasnsdiilevnanugniesesiunuildan
iwnsliSutraniaies uasshnmsdunalunstadunudieliifulssansamnisannanlunis

L = a @ A v v o o
NAVDIATDITLDUSLUUNAENINAYIY 2 LLUUIEDY
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N= 40 D= 40
* g B g J=18°
M= 40 C= 20 i E=30 e

JUT 4.59 uanan1sivunswiansindadudusiumusing Ao MNCDEF G H | uaz J

4.4.4 ASANEINISNATUIUNBNISIUSUIBURLATUIIURlAINA1SAMUATTAYDY
ABNNANLANGAIINY

WO AMUAAINI ST SNz aLFIMSUNISAAT U UUTELANINY EVA A1uude 60
%95 F9LAPDARUUNITNAADI NNSAATUINULUUIIADIFIBE1LIDAINUAAT SE8SVTULAUNILAY
a8 uazvdavosmaniniunnaniutduiinasenannyesiadunuinteeiisslaioduwuimig
Tun15/1UUANIT 1T DS lUNSAATUINUBEUTDIN NN LAag19iUsEaNT a1 Tngoanwuunis
naaeINsnTuUmMuaAlildaaniuUssan End Mills uag Ball Nose vunidusgudnans
6 fafiuns AinTuUNAaaUnIdnITINIsUeu 1,000 wa. /W9l Anluguluy Y-zigzag  wand
Megrairnensiulugun 4.60 Tngdmuavuiaanuanlunisinieduau vduamnnisag 2
a a o 1 U }% a dl 1 U 1 & %) v v :JI
Tadwns warimuaAszezvdudumLAuyanuana1aiu 3 A1 Ae vdulumudnenisas 10%,
P & ) A a o & v A A& = 'y
20% war 30% VBAHUNIAUGINANABNTR 6 TAFUAT NAADUARTUNUMEIATBITOUT LUUT
v A a s o v o ! Iy = o ! I3 .
AAwved Lay WIBdUTWUUNAIETIiAludINYRINTERNKULTUNUNAGRY Faillsusrady Sine

[

model of rough surface IngfmunauniIToRNwUUIUTIluaNNTT 4.7 Aall
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Z = H * sin(x) * sin(y) @.7)
ie H Ao ANgeweasgunss (i) wag Z Ao flsduiuuiiaes

oonuuulagld MATLAB Program  uazuanstoya M File Tunmanunn a.1 tileideu
wuudraeseensn tnefmusly danugauazdniunnsety Insuansiegisluguil 4.61 Taodl
ANENURITUNTITUANGANSAY Hl= 16 3, H2= 12 43, WagH3= 8 1. Lfiefiansaingin A
Fuvostunuiinaniiuinadefivestununiel

Wolafuuainnisiafmuuaaiaiee Ll nsinanuneivvesiadunumesiaidanig

1%
=

193U (Image  processing) semsindiuaufiniea (Pixel) MAntu Tnguansguinudns
yanodluzudl 4.62 Tagn1sd1enmBuLLUY Black and white picture data fdnwmrly
Fetnaguil 4.63 neldesduszneuuasiinyundunas 550 LUK uazdiuvsisimdiouru udds
U8ia Bitmap digital data lagld Function of MATLAB program 1113 Sharpen Fregnsil
0.39 Wwiloufunndeya way Counter gray data pixels iAnanuasaIvessasiafilisuiFeu
warluga9d Gray 838015 Image processing color100  vgldisnunufineaues Gray data 7
Aty Insuansstoazdondeya M file Code dm¥u MATLAB Waifislunianuan 2.2 Tnegud
4.64 wansusudstunounITiuRineavednszurun1TinAI uMe I URA TN (Surface

roughness)
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UM 4.60 uansiiananmaidnluresiiinluguiuy Y-zigzag

WING IR WINe

; A B

; ]

ll H1 16mm H2 12mm u H3 smm

JUN 4.61 UansdnaduANgeUUTIABIRUNUNAADY



The example CAD File

v

Multi-Spindle CAM Software

4

Generate G-code

(feed rate : 1000mmpm, Step down 2mm)

Tool path

v V
End Mills Ball Nose

\

Step Over 10%, 20% and 30%

¢ G-code

Milled model

—| Production times

Measure the surface roughness Data

Image processing: counter Pixels by

MATLAB

JUN 4.62 LanuNURINIVARDLIAAIUETURINEITNITIAT ISR M

92



NIKON D60

900 Lumen DSLR Camera 900 Lumen
Lighting source Lighting source

Object
Bl 66 ==

JUN 4.63 UAMINMIEEAMTUNUNDIATIENAIBA D IAAUNEURRTUITY

Milled Model

v

Take the model picture by

DSLR camera

v

Crop the picture : size 2400x2400

pixels

N

Send to the counter pixels

program by Matlap

WV

adjust Sharpen 0.39

4

Counter Gray color

A4

Amount of Pixels

JUT 4.64 wanauAuRatunauNSTUIUILINYAYEINTLUIUNMTINAIUNETURT
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4.3.5 nsAnwanuduiusszniednsinisley, vweanuanlumsiaiiaydue,
WIIAIUNITANTUIY  WAZAMANEITUNY  LiNanmuaA1dnTINsUaunuSuasunusses

= o & &
AMuANTUNISNADIUIIU

nsneasatidunisannisAuduRuSIeIA8nIIN15TeU (Feed rate) NUSULUADY
Ly a

AIAUINANENIUNITAIALURTUIIU (Depth of cut) FslunssuAdeilisunin Dynamic feed rate

LAZANNIIAAIUANAMNINYBIEI TR tABiuRIN

(1) NSPIANUFUNUSTENINONIINTSTeUNUTZEEAMUANTUNISAALDTUIIY AAnTud
L396UN13AR (Cutting resistance) Winduintesiiela F3lavinnisoantuuyninnsesnunig
[} LY} 1 d‘ a gj [l o Qy a 5 dl' a2 A Ly
Ao waneiegelugun 4.65 AaneguuuINNFUTUNUNAFDURAAIULLATOITAUTUUUNAIET
i wandlugun 4.66 laefidugesinusang (20Kg Scale Load cell Weighting Sensor
Comprehensive error 0.05%, Size 80x13x13mm, Output Sensitivity 1.0 = 0.1 mV / V) Lil®

I 2

faAussunsin wasdyaifudeyatuiinaililunonfiunes Ssarildazuandyiiiuioused
Antuannsldsasnisteunazauarnudnlumsindetuny  degiu lnefmusliinngs
npaaUsnsINsleud 1,500 1,200 900 600 uag 300 1./ uagfMUATLNAAINNENTLNNS
Aouiloguay asﬁi 5, 10, 15 wax20 fiadwns aanda End Mills v19 6 Jadluns AMULSI5aU
12,000 59U/un7 Assiauuuiiiunendn (Full cutting) iudunsaen 100 Jadwas Woldaus
Aunsinewmniiuls azausatansdunsmauduiussenindnsinisteudussezauin

AMUANTUNISAIALLETUITY ALNARBESIAIUNISATRATULA
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FUlge ST PUIY

UL TALLSS
/ AaNNA
Adn1en1sdauna
p /I‘Viamsua
YUY P ul

TT7T
FIULNU Y

=] [ (5 £% v a O o &
E‘U‘VI 4.65 LEPNYALYULTDIIALIIRTUNTTNARAAIUUYAIUIUITU
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Data logger

Linear slide

Feed direction
e A AR ' Cutter
= Y >
/ E"‘l A
. Load cell 5
Workpiece CNC Machine

JUN 4.66 LanangUnIalinuswinunsinAnRIeE ULLATEATBUFLUUTA1E TR

(2) olduavesnnuduiusszninednmnisteuiuszazunannudnlunisin
doTunu AfinaroussnunsiafiAniuud nsfivgauauussiidatuannsfndunuldlvl
mﬂLﬁulﬂs?’fqawdawasiaqmmwmaa%umuﬁmLﬁaummLﬁuiﬂﬁ?u%uﬁu?iaﬁﬁﬁzg ilefiagyuun
vostunutaaisiifndisuluanguheiusuy Ssddinimeasuiatunuaidasniuauusiog
20 T 40 Dy wasTunuillisnsnistlougegaogi 1,500 uu /il Taefmuasey wunn
arudnlunsindetucu 20 fadwns aonfauuin 6 fadiuns mu3asev 12,000 s9U/UT
fszorvdfurendunadiuga 100% deldiuauin sinsfvdeyasuiuuudivadenios
aunu 3 &1 HP 3D Structured Pro S2 (Resolution 0.05mm) uanwegsluguil 4.67 wleld
Inldauny vhnsseuiisusuinfiunnsnennn uwusiassiunuudielusunsu SolidWorks Tae
T4lafidu Thickness analysis tools Jaruuans1e Tnsuansseazdenfiufiudaisnslda
Tsunsalumanuan @, ievimsnaaeuuaziiudeya iielimsuiussivnzanlunisniunm

AMAINUBINITUIY
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Workpiece

Eﬂ n 4.67 LLﬁﬂQﬂ’]ﬂ‘U\‘i’]uLﬂﬁax‘iﬁLLﬂu 3 fifYe9 HP 3D Structured Pro S2

(3) mﬂmsmaaumLmﬁmmzau‘lumimuauﬂmmwmaaﬁa%mm AU
fuaduUssansada Momanuduiusseniednsinstiou (Feed rate) uazaunauan
Tumsiimietuau Depth of cut) e iulagthdeyatildainnismaaesnaruduiussewing
Snnsteusussezaunnauanlunisimietuay  wadensianuduiudlnlisidauss
NSNEINE AT IMANNsYRIANELTUESEIes T s eunarTunauEnlunnsAnLe
Funu Fwsduaumsudnliunisirussnsinstoudivsunu sueaanuanlunsimdetuny
1u§°dLmusuaaé'mwmii’]auﬁﬂ%’uLﬂﬁaulﬁmmzazmmﬁﬂiumiﬁ’mLﬁa%umusuaa Multiple

spindles CAM software fialy
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4.4.6 N15ANYIUSEUIBUUTEANS ANV IR YNATUULHUTDIEAITENI19NS
THaSeadiduduuuiaied, nsldaTesdiduduuunaneiing  wazn1sldasasdiduduuu

v o A W a o a = o A 2
NaNYRINA LLUUSJﬂ’]E)GI’i’]ﬂ’]’i{]auVI‘lJﬁUL‘UaEJ‘L!I‘LJﬂﬁﬂi:ﬂ%ﬂ?’]&lﬁﬂi‘l&ﬂ’]’iﬂﬂLuaﬂl‘us‘ﬂu

nsnaaesiifumsiisufisunafilflunsuanususesihvinamemedensldiaies
Fduduuusng iewansiiiuuszansamlunisaniainisnanvesasesdiduduuuraneiiie
wuussnstleuiiuiundsulunmussesanudnlunisindiotuny dldmmaniuguanis
nsfinmuvnanLEnlumstaiEetuny (Depth of cut) 3INNITNABDINIANNENRUSIZWIN
MsauANLRidHasoaunnintuny IneviinsAnwidensifudeyafogissesfanivily
p1aaias 10 fegrudinisoenuuuususaslhdum Tnsiduanms iudeyasosiu
wivheieseafuguiiudsinisaunudeyaid uuuidsiameindecaunu 3 47 wdwins
ponuuy Jusilusuuudiaes  Tasuanstusuiiedislusuil 4.68 el wuudraosasunn
fheg1e Yinseeniuuduranmstndunurenaiesiidud  ouasdeyasenuiutoua G-
code felusunsa SolidcAM dfuiasestiduduuuiiaifier uazuvandudoya G-code fe
Multiple spindles CAM software LiigldfuipSesdiduiuuunanewna Tnefmundusuusng
mstleu  asiiuazuuudasinisteuiiufudsulumussosarmdnlunistmdetuu 1
fatusenfandsiiugiu Mnendauun End  Mills Sidushgudnans 6 fadiuns Audaudae
AILST 12,000 50URBUNT A1EEUEUEUNILALa (Step over) 100% AwuInAEEntuNIs
fauilotuau 20 fadwns Instusrumaaouivuinarumuegi 40 fadins vilviFestadusu
Hu 2 seu svduay 20 fadumsannuuuan vilidsadenldsnsnistousgi 300 ua./undi
&Nl G-code ATUNNNITVAZBY ymsnageuntuLLarSunaTidaieie 10 18 nan

ay v o I3 a A = a ~ a a
Wl@ﬂ%ﬁqﬂqﬁﬂaﬁq%ﬂuuwugmLU?EJULV]EJ‘UL'J@']IUﬂ'ﬁNaW IWBMIUTLENTNINVBITEUU
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UM 4.68 uansnsiuriinuaznisidinsesaunu 3 ﬁﬁl,ﬁusﬁ’aaga

4.4.7 n15aneNUTeUigUNa1 lAgSINVDINITHNAALKNUITDIANYINAI8ATNISNAALUU

ALAULAZATNISHARLUU TN

N13ANYIUTEULTBUNAT AL TINVBINTEUTUNITHEARKUTOINWINMIETINTHARLUY
FaRuuarasnswdeuuulvaldunimeaounisldinalunisndnuiusesisianesielag
amsIun1suandenne ielldudusesdiiii 1 ¢ Tudauvesnismaaouduaniléis
nszvIuNsHARUURLALY Tneduduannssusumafuguinaindein mandetunuruih
whdheyuuanames nstuzuiunuusiusesluidenssuiumnedusUiunuieudeeios
nawuvanAudulUIuRduneumInnuatuuauliunuaSeauysal ilenSsuifiouand
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5.1 NAN1SANYINITUTEULTBUAINNQNADIVDILATIINNNLIN

nannsnuteyasenangUielsine viansuny  Ywinuasugy $1uu 10 918
& v a a a a8 Y a Y | a I
Judaeengveuazvig nedengade 65 U Wwidnda 48-80 Alansu diuas 165 wufluns Ly
ToYATRLNUNNAILLATEIELAY 3 3R LLé’aLLUaQSﬁauuaLfJuLé’usuanaaﬁuﬁl,ﬁﬂugmmu 2 4/
WAZIA VUINAILYII AMUNINANUEAFIUANETI A AD TeazANNeNlINtuLUININany, B
& ¥ 1 ¥ 1 vV 5 %] 1 ¥ d" &
AD ANUNINVBIEUANAIUNLISRINAUAIILY IR W UL UININANG 8911 30%, C 7B AINY
A998 MINEIUNANAIRINAUANMUEIE WA TUBUININANE B911 50% WAz D #AD AINUNINY
YDA WINFIUFUNIAIRINAUAINNYIEIILULLININATS 8911 80% LagLandmiag19anaIuluy

1
aaa

SUN 5.1 (n) wanwitageseefinivin 3 Sanlaanluudnivinlugun 5.1 () uazdegesey
i 3 AaTildanesesnusUdwrinlugud 5.1 (A) Jwafildannnisia wansdlun1sned 5.1
HANTINYLUIAANHENILAEANUNTIURREINNGURIDENNT 10 AUIINTOERNLYINALAANTHY
a ¢ v av « [ 1 v 3 Y1 14
wagsogiuvinnldaInieseafugulvin #asnn1sveaeRzmiuladivuInANe ANNIg
A ¢ Y avy a & v av v 4' =3 Y o f 2 & i =~
Yasseefiurilvhlaanluufinivuaslsainiseaiugding Sesigudannuuansiuies

e v
LaNUBY

B 30%

C 50%

D 80%

(n) (v) (@)

JUN 5.1 (n) dndiunisinvuinniuning eludndiuingn, (1) wanidiegesosiuiinila

PNNLAUNIN, (A) WARIFIDE1ITENUNIINTALAINLATDIAUTOUHLIN
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JUN 5.8 LaAnITunUVaae U lianAsasfouguuuiLie:

a ) -y av v o & v A4 a2 o =
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- o 30 29.9
- - 5 25
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H (9371) 45 45 ®
J (99¢1) 18 18 1
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5.4 HANISANEINITAATUIIUNDNSIUSIUMEURITUIUNLAINNNITAMUABLN

YDINDNNANLANAIINU

PINMIRRLILATeIT S uTuuUTaTaia waz Multiple spindles CAM software g
dioamnanlunisuanliesasarldtuanuiiiiiveruiinewuns Tngeenuuunismaasadie
Wisuisuatlunisude (Production  time)  fildannisintusunageulagld Multiple
spindles CAM software ¥1n1599nLUUIHa 3 (G-code) amnmisidenld 3 idadu 1 Waida
elanisimuee szevvfulduniuiiuga (Step over) MuanAsiufe 30% 20% uaz 10%
waz onufiavewneninfiuanssiude Huuu Ball Nose wag End Mills HAR1NN1SAILI0387

v

g = Y @ Y vy 1 Yy A A3 A 9 o
duanawalunsned 5.5 anenssuaadbivuladainmsldesesdiduiuuunanginafinmw
Tipondavs 3 fvisulundeugiu amnsaaanatluniswdalauin WetSsuifisuiunisie
& o i 1 % v o =~ a 9 4 A& a0 v |
FUUAIEY srensldneniniiewmeniAgniouiuinIesdidudniqlule sy 3 i lag
uanefireeg s uunegeUlaInnsinliy EVA - Tugufl 5.12 aannnsidenld End  Mills
usnAugnan 6 Tadluns, szesvduidumusiuyga (Step over) 20%, 8n51n15Usu (Feed rate)

1,000 43./U%, WuInANNANTUNNTAALLBTUIN 2 UL

ludvaananisnaasinisidenliviinvesmenin N1snvuAA1SEEEYdULEUMUFUNA
warAnuaInANLgITesgUnseuUsaasiiuandafuinasonalunsiadunuuay
AummasITuuTay Tngluntsvnassiuandiifiufonisiptunuiiiyunseifsssun g
fusnsinafy (H1 H2 H3) Teedwualiidenldednvesnendalu End Mills uaz Ball Nose
Gushgudnans 6 uu. uazisguuldrmualidassezedudumaiuna du 30% 20% 10%
YouduIAugNa1Y 6 Nadwesudinisudastoyallu  Gcode  wAMIINISIAAIINEIY
A7%ue (Surface  roughness) PNNMIAUARILUIENY e Tasedufinea MAraInAINY
METUVDIRITUNY FeFEN15 AT IZRFIEAW (Image  processing) 91nndss DSLR Camera
NIKON D60 wéndsdoyagunmadvia iletfus uiufinisasne MATLAB software @auandnng
neansiandlumsned 5.6 Tne uansnmiiegnstununnaeufemaia Sharpen luguf 5.13

LAZLANININAIDYITUIIUNAFDUNILLNANA Black and white scale data Tugﬂﬁ 5.14
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mﬂms'mmeﬂ"lfﬁflmuﬂﬂLszia'ﬁLﬁw‘z’juwudf]izé’waamiszawé’mé’umaLauﬁga 11N

WANARBAUNYTUVBEITUNUTINANIASE v UIdEUN AU aTtos uiR1sveuduldunIg

I S v a 1

LauﬁgawmﬂﬂmmamaL’Jaﬂumiwamﬁmﬂ%ﬂé"saLﬁziuﬁ’u’l,uai’;usuaammsﬁ’wﬂav’??uamﬁmasia
AT TR UL LAEIAY Funuiiianuduinn Aatunuildasdannuveruannnd,
Funuitiienudutios Tuduvessiiavewmeniuiiinason wmeuvesintuau nndenldaen
fiAuuy Ball Nose tufatunusenuildfiafifinnumeiutioaninsld aondn End Mills 270
msneapstunuiiaumeUInfigafetunuiifndienen  End  Mills ushaudnans 6
fioduns Hazazadudumadiuga 30% wasanumenuinnnandidaudurestunudl H1 16
fodwns  Tuduredunuiifimuneuresirtunuliesfigafe Funuiildain Ball Nose
Gushaudnans 6 fiadiuns , seszasuiduniafiugs 10% uasinnuduvestuauiitarge

Tudruveg H3 8 Haawns

JUN 5.12 wanadinegadununlaainssesvduidumaiuna 20%
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5UN 5.13 uansn mununaaeunleinaila Sharpen Ay MATLAB Software

LT T

Ul 5.14 uananmaunumagousiemadia Black and white scale $8 MATLAB Software
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M13199 5.5 uanswanamldlunisindununegeuiliessesvduiduniuiuyanieila

d' N @ oA v v A 4 LY L
PMNAIDITOUTLUUTAEINALaeEenlY 3 Winauas 1 Wide

szgrvduldUNIAuLYa

LANUNISHAR (W)

Idl U o
bATBINALUU 3 %7

ﬂl U U
LATBINALUY 1 97

30% 64 156
20% 96 239
10% 179 ara

A15199 5.6 LAAINANITIAINUIUNNLYAT LA NNATANITUSULAIA NN D MIANNASNURITUINUY

Tugunsaaesregrduidumaiunaiuaneieiu

srevvduldumaAuYa (1,000 Ainlwa)

AT 30% 20% 10%
End Mills | Ball Nose | End Mills | Ball Nose | End Mills | Ball Nose
H1 (16 u4.) 1,097 571 846 560 747 553
H2 (12 14.) 893 448 588 448 550 425
H3 (8 1u.) 665 378 550 399 512 377
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5.5  HaN1ISANEIAMNENNUSITENINDATINISUBY,  JuInandanTunisnaie
TUN, WIIAUMINALBTUIY wazANNWRITUMWNBAIUAAIIATINTTUDUN

Ysuasulumuszezalnuanlunisnaiiavuey

dl L4 U (3 L dl U =
IOMIENANTANNENNUSVRIORNTIN1TUBU (Feed rate) AuUsHumNIUINAINENIUATT

Yy v
[

fAnLlletuau (Depth of cut) Tuaunisensnisteunusuildsulunussuzanuanlunisiniile

v ' v
a a

TUIU NIINTIVALTIRIUNITAR (Cutting force) MARTUAINNITITERIINTUBUANRUSAUIUR

= o

finudnalusegisunn lunmaaedidsls

§€e

audnlunsimietunu (Depth of cut)
oonuuUYRgUnInifiagtufin musshumssefiiatu Tasvhnsmedeusmuslssnsnistoud
1,500 1,200 900 600 wag 300 H./u u,a3ﬁmumummm§ﬂ1umﬁﬁ’mLﬁa%mmagjﬁ 5, 10,
15 way 20 fadwns aendauiia End Mills 1u1a 6 Faduns A1aE950U 12,000 58U/UNT 39
Aawuuiafuaenia (Full cutting) \Wuldunssend 100 Haduns nan1sinA1Ls @ uNSinLERS
Tum199 5.7 warsanadunsnussirunstefiifunaniananuduiusseningdasnistou

wag vueANanlunsinweuLlugun 5.15

M15199 5.7 LAASKNANITNAADIINANLIIAIUNISAATLNATUINNANUAUNUSTLININ90ATINNSUU

wazvuIneuantunIsAaL U

WSIAUNTIAA (H26)

onsn1sUou (ua./ui) Syezan szazdn Syezan Szezdn
5 . 10 1. 15 . 20 131,

300 10 19 28 39

600 18 25 39 54

900 20 35 50 70

1,200 24 41 60 80

1,500 26 46 69 93
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100 -
F1500
90 Feed rate (mm/min) p
20 .. -s F300 < F1200
-4+ F600
= 70 F900 FO00
- F1200
o 60 F1500
o
g 5 L F600
5 40 7 w | 7- . 4 F300
90, '
. el
20 A e
10 > &
0
5 10 15 20

Axial depth of cut (mm)

JUN 5.15 LaninsHan1sInAswnunsiniinanauduiusseninensinislouunay

YUIRANUANIUNITAALLBTUIU

Sovsudsusaifntunnmatntunuiidusannmsldsanmateusazauinaudn
Tunsimdetuau  lusziusanudn LLm'&Tﬂiaiﬁn'i’m5@mmgﬂé’fawawé’ﬂwmzﬁﬁmmﬁﬁm
sonuilemunuusdluszdusieg ﬁﬁﬁ?umimaaﬁ@Qmmwmaﬂﬁ’a%umul,ﬁammmmagjﬁ 20
fiadfu 40 fasu uastuauildsnanstiougeanegd 1,500 uu./unfl Tasfmuaszervunaaay
nlunsfadetucu 20 fedums innsaunu 3 fRTuanudieeiesauny 3 47 wd
Wisuifsurmaduruaunuiuiunudusu faelusunsu Solidworks tagldited®u Thickness
analysis tools Januuansslaenansiiognsnsinnuuandesindunuiioniuauuss 40
s Tugudl 5.16 Fenanisnaassuanslunisnsi 5.8 uagunugiuvsuiouiiisuaiaing

LANFNNYDIVUIALTIDEN 20 T3y 40 TRy wazdununldsnsinsdougegnegin 1,500 i/

uit uamsluguil 5.17
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ANBANULANAIIVDIAINNIUN

< 0.1000men

- 0.2562mm

| 0.4125mm
0.5687mm

" 0.7250mm

0.8812mm

1.0375mm
1.1938mm

- 3D Scanner
s

3UN 5.16 (n) uanmmainudayafituanumienioawny 3 45, (V) uanwmansinuuinniy

WANFINYBITUNY LilBAIUANIINAT 40 Ta6u

A15197 5.8 LARINANIINAADINITIAANULANAINYBIRITUNUL BT UAULUUTNADIAULUY

WilaAIuANLTS 20 a6 40 TRy wasTununlddnsinstougaann 1,500 ua/unil

ANAINNLANAIVDITUIN U DB UAUKUUTIADS (1L.)

N1INAABY

ANRAAILANATS ALLANA3EER
LSIPUNISAR 20 TR 0.55 0.95
US9PUNNSAR 40 Ty 0.68 1.2
dasmstleugagmegil 1,500 . /undl 1.47 3.9
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3 1 Average error

B Maximumerror

Thickness Error (mm)
N

Cutting Resistance  Cutting Resistance  Maximum Feed rate
20N 40N
5UM 5.17 wanauau)iuyiaussuimeua1nUuANAaesuLIALsiagi 20 afu 40 1y uag

Fuunlidnsinisdeugeanagn 1,500 wal/unil

NHANITNARDUUTIUTIBUAIAIUUANGTDIVUIALTIDYN 20 Tdu 40 Tadu uae

(% 1
a ¢
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Abstract

In 2009, the number of diabetic patients in Thailand is about 3.5 million and it is projected to increase
to 4.7 million in 2017[1]. Diabetes brings with its neurovascular complications that affect the normal
biomechanics of the foot, resulting in high pressure areas at the metatarsal heads, heel and toe regions
that lead to ulcerations on the plantar surface. For an effective prevention of foot sole ulcers in diabetic
patients, the customized insole for each patient is necessary. However, the customized insole
manufacturing system, currently available in Thailand, is time-consuming and relying on skilled
technicians. Therefore, in this paper, the alternative insole production system, consisting of the novel
method of foot sole surface impression, developed by Monsak and Pongpun[2], combining with a 3D
scanner to generate foot sole surface digitized data, and the developed 3-axis milling machine, is
presented. In order to justify the effectiveness of this proposed system, the customized insoles were
manufactured for 24 Thai healthy volunteers, 4 males and 20 females. After that, the measurement,
using the commercial digital foot sensor (FSA Insole Sensor[3]), of the plantar pressure distribution, peak
pressure and contact area for each volunteer was experimentally conducted while each volunteer was
wearing it. The measured data were later compared with the measured data obtained from those
volunteers without customized insole. The measurement was carried out in standing posture, as
recommended by an orthopedic doctor. The measured results indicated that the customized insoles can
effectively reduce pressure in metatarsal head and rear foot areas and the peak pressure was
significantly decreased, approximately 34.77 percent. This is mainly due to the increasing of contact area,
about 21.6 percent, between foot sole and the personalized insole surfaces.

Keywords: customized insole, plantar pressure, foot sole surface generation, foot orthosis

1. Introduction wearing the shoes that do not fit well with the

Currently, the number of patients, having foot plantar feet. Normally, most patients can easily
pain problem is significantly increased. The feel the pain in the heel area, high load bearing
example of this problem is foot tendon zone. In general, most patients having foot
inflammation which is caused by walking and tendon inflammation were cured with surgical
running for a long times. Moreover, it can also be treatment for several months. However, many

found in middle-aged people who is overweight or patients can be healed with non-surgical
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treatment, such as  the reduction of activities
causing pain. But they still should do the
exercises, such as jogging, biking, swimming,
etc., that do not load on plantar feet. Another
mean of non-surgical treatment for healing the
foot tendon inflammation is to use the customized
insoles. These insoles will conform with plantar
foot and distribute plantar pressure, resulting in
peak plantar pressure reduction.

Another important problem of foot is diabetes
mellitus (DM), also known as simply diabetes,
which is a group of metabolic diseases in which
there are high blood sugar levels over a
prolonged period[4]. This high blood sugar
produces the symptoms of frequent urination,
increased hunger. Untreated diabetes can cause
many  complications.  Serious long term
complications include heart disease, stroke,
kidney damage to the eyes and foot ulcers[5].
Patients  with  diabetics = confront  several
complications one of which includes foot ulcer
and will be the peripheral neuropathy and easily
to be foot ulcers, difficult to treat. Neuropathic
diabetic foot ulceration may be prevented if the
mechanical stress transmitted to all the plantar
tissues is reduced. The custom-made insole
therapy is one practical method commonly
employed to reduce high plantar loads and
ulceration risk. The customized insole must fit to
the plantar arch. The matching surfaces between
foot and insole distribute weight evenly over
contacting area and prevent concentrating stress.
Hence, the wound can be relieved from pressure
and healed faster.

Nowadays, in Thailand, the customized insole
is conventionally manufactured by the special

skilled medical physicists and there are four main

processes, as shown in Fig. 1. In the first
process, partial weight impression onto EVA
(Ethylene vinyl acetate) foam is carried out to
capture the patient’s footprint which is later used
in plaster casting of a foot model, the second
process. In the third process, the plaster foot
model is manually corrected. In the last process,
the corrected foot model is used as the positive
mold for making the insole in thermal vacuum
forming method. This insole manufacturing
system is admittedly time — consuming and
comparatively expensive. Moreover, this system
unavoidably produces some wastes, from EVA

foam and plaster.

Fig. 1 Conventional customized insole
manufacturing processes

In 2007[6], the customized insole manufacturing
method was developed in the form of
CAD/CAM(computer-aided design and computer-
aided manufacturing) systems and 3D scanning

technology to accelerate the insole production. In
this innovative method, a scanning device was
used to scan the plantar surface of the foot,
permitting the direct machining of hard polymers,

such as polypropylene, from a CAD model [7,8].
This subsequently eliminates EVA foam usage
and the CAD digital file can be kept as patient
record. A polymer foot model is later utilized as a

positive mold for making the insole.

TSME-ICoME
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This paper proposes the alternative insole

manufacturing  methodology, combining the

innovative foot plantar surface construction,
presented in the previous works[2,9], and CAM
system, an in-house mini 3-axis milling CNC
machine. The purposed methodology differs from
the other insole CAD-CAM systems that the
digitized foot plantar surface is directly employed
to generate CNC code for the in-house mini 3-
axis milling CNC machine. This CNC code is later
used for miling process to produce the
personalized insole. Therefore, this leads to
shorter time for insole production and the waste
from EVA foam and plaster can be avoided.
Additionally, the effectiveness of milled insole will
be experimentally investigated by comparing
plantar pressure and contact area results,
obtained by the measurements of bare foot and
foot with the customized insole in standing
posture.
2. Methodology

2.1 The IFUS system development

The IFUS system was developed to
produce the customize insole. The system
consists the foot sole surface machine, 3D
Scanning soles, CAD-CAM software and the
developed 3-axis milling machine. There are main

processes, as shown in Fig. 2

Foot sole surface impression machine

v

3D Scanner

!

Digital Sole Profile

v

CAD-CAM

v

3 Axis Milling Machine

v

Insoles

———T

Fig. 2 The process of the IFUS system

development

2.1.1 The foot sole surface machine

The foot sole surface machine was
developed for replacing the partial weight
impression footprint onto EVA foam, non-reusable
material. This machine is employed to capture the
negative impression of footprint and can be
reused. Therefore, there is non-wasted material
left in this process. Fig.3 shows the schematic
diagram of the foot sole surface machine. In the
foot sole surface construction, a patient has to sit
on a chair, then slowly places a foot on the top
surface of natural rubber (thickness 0.5 mm).
After that continuingly pressing the foot until the
footprint is clear. Then, an assisting staff puts a
start button to turn on vacuum process. Once, the
machine can completely preserve the impression
footprint, as shown in Fig. 4, the vacuum process
has to be stopped.
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Fig. 3 Schematic diagram of the foot sole

surface machine[2]

Fig. 4 For example, using the foot sole surface

machine

2.1.2 3D scanning machine

When, the impression footprint was
captured from the foot sole surface machine. 3D
scanner (Delcam IQube Scanner)[10] was utilized
to create the foot sole surface digitized data, as
shown in Fig. 5. This data is then saved in .STL
(stereolithography) format. It is a file format native
to the stereolithography CAD software created by
3D systems. The foot sole surface digitized data
is transformed to CAD data using Orthomodel
2011 (CAD Software)[11]. The CAD data is later
transformed to G-code data by using Solidcam
(CAM  Software). The G-code data is a
programming language to control the developed

3-axis milling machine.

\\

Fig. 5 Using 3D scanner to construct foot sole

digitized data

2.1.3 The in-house mini 3-axis milling
machine
The in-house mini 3-axis milling machine

was developed to engrave the customize insole,

as shown in Fig. 6. This low cost machine mills

the EVA foam to insoles within 30 minutes.

| ' :’-;‘ - g
Fig. 6 Manufacturing of the customized insole

using the in-house 3-axis milling machine

2.2 Experimental procedure

The customized insoles were manufactured
from the IFUS system for 24 Thai healthy
volunteers. After that, the commercial FSA digital
foot sensor was used for measuring the plantar
pressure distribution, peak pressure and contact
area for each volunteer. The data were later
compared with the measured data obtained from
those volunteers without customized insole. The
measurement was carried out in standing posture.

All processes are shown in Fig.7

Foot sole surface construction

machine
v

3D Scanner

!

CAD-CAM

v

CNC Milling

v

Milled-Insoles

v

FSA Sensor

/\

No Insoles Insoles

| |
v

Peak Plantar Pressure

Fig. 7 Flowchart of experimental procedure
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221 The method of volunteer
recruitment
Twenty four Thai healthy volunteers, 4 males
and 20 females, from Sirindhorn School of
Prosthetics and Orthotics, Faculty of Medicine,
Siriraj Hospital, with average age of 23 year old,
average weight of 60 kilograms and average
height of 168 centimeters, were recruited to join
in the experiment.
2.2.2 The foot sole surface impression
In this process the foot sole surface
machine is employed to capture footprint, as

shown in Fig. 8.

2.2.3 The adjustment of the foot sole
surface digitized data

A 3D scanner was used to get the foot
sole surface digitized data which are transformed
to CAD model using Orthomodel 2011 and

SolidCam, as shown in Fig. 9.

Fig. 9 CAD of digitalized insole surface

2.2.4 The conversion of the digitized
insole data to G-code
The insole CAD data was later imported to

SolidCam, the commercial CNC code generation

software, to create G-code data for milling
process.

2.2.5 The customized insole milling
process

The G-code data obtained from previous
process were downloaded to the in-house mini 3
axis milling machine and the milling process can
then be carried out. This machine engraved the

EVA foam to insoles, as shown in Fig.10.

Fig. 10 The customized insole

2.2.6 The measurement of plantar pressure
using FSA sensor
The effectiveness of this customized
insoles were studied using FSA insole sensor, as
shown in Fig. 11, to measure the plantar pressure
distribution, peak pressure and sensing area. Two
main measurements of peak plantar pressure
were made in order to verify the effectiveness of
the customized insoles and without customized
insole. The measurement was carried out in
standing posture, as recommended by an

orthopedic doctor.

Fig. 11 The FSA Sensor
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Fig.12 shows an example of plantar
pressure measurements while the volunteer is in

standing posture

3. Results

3.1 Comparison of the geometric data

The effectiveness of the foot sole surface
impression machine was studied by comparing
the foot sole surface impression data, obtained
from the foot sole surface machine and the
phenolic foam. These surface data, foot length,
ball width, instep width and heel width (A, B, C, D
as shown in Fig. 13 ), were measured using
Geomagic Studio program[2]. Fig. 14 shows the
examples of scanned data by which the left
image is obtained from the impression machine
and the other image is derived from impression
foam. The results of measured foot geometric
data obtained from the impression machine and
impression foam and the percentage differences
of foot geometric data are shown in Table 1. The
experimental result showed that are not much
different.  Therefore, this machine yields

equivalent foot insole surface to the surface

obtained using the phenolic foam.

&,

A: length (Maximum of foot length)

TSME-ICoME

ASEAN AND BEYOND

B: width of ball (Measured vertically from the top of foot
length down to 30%)

C: width of instep (Measured vertically from the top of
foot length down to 50%)

D: width of heel (Measured vertically from the top of
foot length down to 80%)

Fig. 13 The foot geometric data are defined

to 4 parts (A, B, C, D)

Fig. 14 The examples of scanned data
(Left : scanned image from the impression

machine, Right : scanned image from impression

foam)
Table 1 Measured foot geometric data
obtained from the impression machine and

impression foam

Name Impression Foam % difference
machine(mm) (mm)
Length A 265.72 264.666 0.4
Width B 106.00 105.415 0.52
Width C 91.20 92.580 1.50
Width D 72.189 74.330 2.88

3.2 Comparison of the plantar pressure
and contact area
The effectiveness of customized insole is
studied by measuring the plantar pressure
distribution, peak pressure and sensing area
obtained from 24 Thai healthy volunteers, using
the commercial digital foot sensor, FSA sensor.
The measured data was later compared with the

measured data obtained from those volunteers
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without customized insole. The pressure
measurement was repeated five times for each
volunteer and the measurements of left foot and

right foot were performed separately. Fig. 15

shows the example of the measured data, as the
Fig. 15 Plantar pressure data recorded by FSA
left image is for barefoot and the right image is
insole sensor
for feet with customized insoles. In each foot

sensor, there are 240 small sensing pressure

Table 2 The results of plantar pressure
transducers. Therefore, each transducer can

_ measurement
independently sense the pressure and showed
Left foot
the result of experiment in Table 2. Rofult(psh | Barofoot % Bhoos Average Average %
The average difference of peak plantar (Average) (Average) difference | difference
1 Maximum 20.11 13.01 -7.09 38.68
pressure were decreased by 7.09 psi and 5.44
Average 4.01 3.26 -0.75 21.03
psi in the left foot and the right foot, respectively, e woa — N 3205
whereas the average percentage difference of deviation
Sensor count | 68.58 82.70 14.12 22.10
peak plantar pressure were 38.86% and 30.68% W
in the left and right, respectively. Sensing area | 20.87 25.24 4.36 2210
: (in?)
The average difference of plantar
Right foot
pressure were decreased by 0.75 psi and 0.55 Result (psi) | Barefoot Shodk Average Average %
psi in the left foot and the right foot, respectively, (Average) | (Average) | difference | difference
| Maximum 18.86 13.42 -5.44 30.68
as the average percentage difference of plantar
Average 3.87 3.32 -0.55 15.68
0, o/ 1
pressure were 21.03% and 15.68% in the left and 'V O ’.° AN Y / 20,50
right, respectively. deviation
i X Sensor count | 69.70 83.11 13.41 21.09
The average difference of sensing area 3
. .2 5 g—
were increased by 30.97 in and 29.41 in in in Sensing area | 21.20 25.35 4.15 21.09
(in?)

the left foot and the right foot, respectively, as the
average percentage difference of sensing area

were 22.10% and 21.09% in the left and right,

4. Discussion and Conclusion

) It was found for this study that the
respectively.

customized insoles, made by the novel system of
The experimental results indicate that the y y

: : . insole production, can effectively decease peak
customized insole can effectively decrease peak

plantar pressure and increase sensing area plantar: pressure by 34.77 percentage and also

increase sensing area by 21.6 percentage. The
Therefore, the developed milled-insole can be ! g y P 9

eak lantar ressure of heel area were
used to effectively reduce ulceration risk in the P P P

decreased that compared without the customized
diabetic patient and heal the foot tendon P withou . 'z

. . . insole but increased in instep area of foot and
inflammation patients.

increased sensing area of plantar pressure. The

process used for producing 2 insoles (left, right)
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is about 1 hour which is faster than conventional
method. However, in the proposed system, the
CAD-CAM softwares employed in the system are
very expensive and require skilled staffs to
operate on these softwares. Thus, in order to
make this system more efficient and economical,
we need to develop the in-house softwares to
replace those commercial softwares and train

more staffs who can operate the software.
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Abstract

Currently, ulcerations on the plantar surface in the diabetic or foot tendon inflammation patients can be healed
with non-surgical treatment using customized insoles. Nowadays, in Thailand, the customized insoles (CI) or
orthotic footwear were manufactured by thermal vacuum forming method. In 2011 and 2014, Monsak and Pongpun
proposed a custom-made insoles manufacturing[1,2] using the 1-milling head CNC machine to engrave CI. But this
is still rather time-consuming. Thus, in this research, the 3-milling head CNC machine for insole manufacturing
were proposed and developed. The developed machine consists of the in house CAM software and 3-milling head
CNC machine. The 3-milling head tools can be simultaneously operated or can be chosen for 1, 2 or 3-milling head
at a time. In order to justify the efficacy of 3-milling head CNC machine, two study cases are experimentally carried
out. First, the three simple models were manufactured using the 3-milling head CNC machine and 1-milling head
tool. After that, the dimensions of milled models were compared and it was found that they were in good agreement.
In the last study case, using the 3-milling and 1-milling head CNC machines, the CIs were manufactured to compare
the manufacturing time and the dimensions. The obtained results indicated that the 3-milling head CNC machine can

decrease the manufacturing time and the dimension data of workpieces were in good agreement.
Keywords: custom-made insoles, orthotic footwear, CNC machine

1. Introduction

Diabetes mellitus (DM) or Diabetic is a global health
problem, resulting in major health resultant for the
diabetic patient and the economics of the society [3].
In the globe, the total number of DM patients found is
approximately 370 million and there are about 280
million patients who are in risky condition. It is
predicted by year 2030 will increase to 500 million [4].
In Thailand, the number of diabetic patients is 3.5
million in 2009 and will increase to 4.7 million by
2017 [5]. 7749 Diabetic patients died in 2012 i.e., 22
people per day in average[6]. The foot ulceration are
important complications of lower-limb amputations of
diabetic patients [7, 8]. It is caused by peripheral
sensory neuropathy. Neuropathic diabetic foot
ulceration can be prevent if the plantar stress
transmitted from ultimate stress point to all plantar
tissues is reduced by offloading prevention [9]. The
orthosis insole therapy is one of the practical methods
to reduce high plantar stress and ulceration risk. The
orthosis insoles must conform to individual foot shape.
CIs were produced to match between foot surfaces and
insole surface.

The production of CI has been established
and proposed for many years using different
techniques. Nowadays, in Thailand, CI is
conventionally produced by the skilled medical
physician in health care systems. The manufacturing
processes of CI are in form of the traditional plaster
casting mold and the thermal vacuum forming
techniques, which produces wastes from plaster. In
2007, the scanning foot technique and CAD/CAM
(computer-aided  design and computer-aided

manufacturing) system were introduced in the
manufacture of CI [10].

This paper presents the development of 3-milling
head CNC machine for insole manufacturing. The aim
of this study is to develop the manufacturing of CI in
the part of CNC machine. Normally, a CNC machine
was used to engrave the material (EVA foam,
polymer) and the machine, in general, has only one
milling head. The CI production time is rather slow.
Therefore, this paper proposes the 3-milling head CNC
machine system which can engrave workpieces
simultaneously with 3-milling head toolpath. It is
expected that this system can accelerate the production
rate and yield the same quality of product with 1-
milling head toolpath.

2. Methodology

The 3-milling head CNC machine was developed
to produce the customized insoles. This research is a
part of the developed insole production system in
diabetic patients which consist the novel method of
foot sole surface impression machine (developed by
Monsak, Pongpun [1, 2]) and the developed 3-milling
head CNC machine.

This 3-milling head CNC machine consisted
hardware and software. The hardware is the 3-milling
head CNC machine. The software is the in house 3-
head CAM software.

2.1 The 3-milling head CNC machine

The 3-milling head CNC machine (shown picture
in Figure 1) was developed to produce the alternative
customized insole manufacturing methodology. The
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working area of CNC machine is 400*400*150 mm in
X Y and Z axis, respectively. It has maximum feed
rate 1600 mm/min which drive the ball screw and ball
nut by the step motor. This machine uses the 100VDC
500W spindle motor which has air cooling system,
maximum torque 0.55 NM, maximum speed 12,000
RPM. The each spindles of toolpath can set the
rotational speed. It supports the maximum ER11 collet
6 mm which uses the clamping system. It can use a
milling cutter such as the end mill cutter and the ball
nose cutter. The 3-milling head CNC machine was
operated by a sample materials (ethylene vinyl acetate
foam, expanded polystyrene foam) and was designed
in the basic of 3 axis CNC machine which contain X Y
and Z axis coordinate system. The X Y axis coordinate
moves in the horizontal axis system. The Z axis
coordinate move in the vertical axis system. But the 3-
milling head CNC machine was differed from the
other 3 axis CNC machine.

Normally, the 3 axis CNC machine has only one
vertical axis movement in Z axis coordinate and has
only one head milling toolpath but the new 3-milling
head CNC machine has 3 vertical axis movement in Z
A B axis coordinate (shown picture in Figure 2) and
has 3 head milling toolpath. In the operation time, all
3-milling head toolpath axis can move up-down
independently in each vertical axis. The milling head
toolpath can move simultaneously in 3-vertical axis
coordinate. The mach3 is controller software which
operates by PC computer. The mach3 software was
used to control this CNC machine. It costs cheap and
simple to operate the machine which is famously
software of the developer of mini CNC machine. The
NEMA 23 2.8A stepping motor was used to drive the
axis coordinate operated by the controller board
system (TB6600 SA board).

i e |
Bl Step motor

h |

Fig. 1 The 3 head illig CNC machine

otliis

Fig. 2 The axes of 3 head milling CNC machine
2.2 The in house 3 head CAM software

The in house 3 head CAM software is computer
aided manufacturing software (CAM), as shown in
Figure 3. This CAM software was developed for using
with the specific 3 head milling CNC machine and was
designed in the basic milling CAM software. It uses to
produce the customized insoles. The software was
designed to calculate the toolpath manufacture from
the CAD (computer aided design) model file or insole
model file in .STL (Stereolithography) format. The in
house 3 head CAM software can assign the function
parameter of CAM which consist Geometry, Tool,
Levels, Technology. Geometry bar can choose the
origin point of model and shows size of model. Tools
bar can choose a number of toolpath which has 1-3
milling head toolpath which can define the size of tool
diameter, tool pitch and feed rate of X Y Z axis
coordinate. Levels bar shows the size of part upper/
lower and clearance level. Technology bar can define
the size of step down and overlap which can choose
the cutting direction (Zigzag or One way). Create G-
code bar was selected. The software will automatically
divide the working area of the CAD model for the 3-
milling head toolpath in 3 section or more than. If the
all divided working area had more than the selection
toolpath area (as shown in Figure 4) and can define the
distance of each milling toolpath which differed from
normal CAM software (only one toolpath). That was
shown the functional environment of in house 3 head
CAM software screen in Figure 5.

Finally, the in house 3 head CAM software will
generate the G-code (a programming language for
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numerical control). It was used mainly to control the 3-
milling head CNC machine.

dokAs Position of 2

Fuect EbE s [

all tool path

T 45000 mm |2, 21,036 mm ‘
o 48.000mm | 4, -21.720mm
= 29888 mm

o G-code View |

Fig. 3 The main screen of the in house 3 head CAM
software

]

Fig. 4 The working area of the insole model file for the
3-milling head toolpath in 4 section
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Fig. 5 The functional environment of the in house 3
head CAM software screen

2.3 Experimental procedure for machine efficacy
The machine efficacy was studied by measuring
the dimension data and working time of milled model
which generated G-code from different CAM software
and number of milling head toolpath. The validation
example CAD file was designed from CAD software
using Solidwork software which is the popular
commercial CAD software. The shape of model was
sample and geometry model, as shown in Figure 6.
The CAD data was later transformed to G-code data
by using the in house 3 head CAM software and
SolidCAM software. There are many materials, which
use in production of customized insoles. In this
beginning of validation experimental which select the

expanded polystyrene foam (EPS foam) to engrave the
example model because it is soft density material, easy
to engrave and inexpensive. When design the
condition of feed rate, the CNC machine can engrave
faster than the hard material. All example models
which have 6 pieces were manufactured from the 3-
milling head CNC machine for comparison of
effectiveness between the selected 3-milling head
toolpath process and the selected 1-milling head
toolpath process, which have 3 pieces for each process.
The G-code from the in house 3 head CAM software
were used with the selected 3-milling head toolpath
and the other used with only selected 1 head toolpath
of the 3 head milling CNC machine (that generated G-
code by the commercial CAM software used
SolidCAM).

After that, the vernier caliper and the protractor
for angular were used for basic measuring the
dimension of the manufactured models. The data were
later compared with the measured data obtained from
the example CAD file (digital data). All processes are
shown in Figure 7.

Fig. 6 The example CAD file

The example CAD file

v

Generate G-code

A 4 v

The 3 head CAM software SolidCAM software

G-code G-code

v v

3 head milling toolpath has 3 1 head milling toolpath has 3
pieces pieces

\—Milled inodelé

Measure dimension and
Working times

Fig. 7 Flowchart of experimental procedure validation
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3. Result Fig. 8 The dimension data M, N, C, D, E, F, G, H, I
and J

The effectiveness of the 3 head milling CNC
machine was studied by comparing the dimension of
milled model data which obtained from the 3 head
CAM software and SolidCAM software. These
dimension data M, N, C, D, E, F, G, H, I and J as
shown in Figure 8) were measured using the vernier
caliper and the protractor for angular. The example
models were produced 3 pieces for each process which
have 6 pieces. The process were the milled model
which generated by the in house 3 head CAM software
and SolidCAM. Figure 9 shows the 3-milling head

r

CNC machine which engraved the EPS foam to the LS S o0 EEyeR
example model. Figure 10 shows the milled model Fig. 9 The 3-milling head CNC machine engraved the
which was manufactured from the SolidCAM software. EPS foam to the example model.

Figure 11 shows the milled model which was
manufactured from the in house 3 head CAM software.
All CAM design set the same condition which consist
the x y z feed rate 1000 mm/min , 2 teeth M-milling
toolpath diameter 6 mm, pitch distance is 1 mm,
maximum speed of all spindle motor and cutting
direction is Zigzag. The pitch distance of each vertical
axis system (Z, A, B axis) is 70 mm which fix
condition. The results of measured example data were
shown in Table 1 and the time of milling production
were shown in Table 2. The experiment result showed
the average dimension of the manufactured models,
which have 3 pieces for each process and total have 6
pieces, were not much different from the example
CAD file. Therefore, this milled model from G-code of
the in house 3 head CAM software yields equivalent
the dimension data to the milled model from G-code - _
generated by SolidCAM software. Fig. 11 The example models were manufactured from
N= 40D =40 the in house 3 head CAM software.

M= 740 ;

Fig. 10 The example models were manufactured from
SolidCAM software.

Table. 1 The average of measured data obtained from

C_: 20 E =3 0 ' 1-head CNC machine and 3-head CNC machine
[ Dimension 3D Model 1-head 3-head
position (mm) CNC(mm) CNC(mm)
M 40 40.2 40.2
N 40 40.3 40.1
C 20 20.6 20.5
G=15 H=4"I>96 D 40 40.1 39.8
I e E 30 30 29.9
‘ G 15 15 15
1 20 19.8 19.5
1= 1%0 H (degree) 45 45 45
Jg J(degree) 18 18 18

Table. 2 The time of milling production from 1-head
CNC machine and 3-head CNC machine
1-head CNC No.1 No.2 No.3 Average
(minute) 55 55 55 55

3-head CNC No.1 No.2 | No.3 Average
(minute) 25 25 25 25
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4. Discussion and conclusion

The 3-milling head CNC machine and the in
house 3 head CAM software are a novel method for
the personalized manufacture of customized insoles.
The effectiveness of the 3-milling head CNC machine
was studied by comparing the dimension of milled
model data which obtained from SolidCAM software Fig. 12 The customized insole CAD file was made by
and the in house 3 head CAM software. The SolidWork software
experimental result showed the average dimension of
the milled models, which have 3 pieces for each
process, were not much different from the data of
example CAD file. The process has used the 3-milling
head toolpath for manufacturing the example model
which generated G-code by the in house 3 head CAM
software. The working area was divided in 3 section
area. It used 25 minutes which was faster than the
example model generated G-code by SolidCAM
software which has only 1section of working area. It i b
used 55 minutes. For the testing manufacture, the 4 frgrees ;
customized insoles used with this process. The g # 4 m&ﬁ’ﬂwnp -
example of customized insole CAD‘ file was dc.esign by Fig. 13 The 3—.miliing head CNC machine engraved
SolidWork software, as shown in Figure 12. Figure 13 the EPS foam to the customized insole
shows the 3-milling head CNC machine engraved the
EPS foam to the customized insole. The manufacture
set the same condition with the example model
condition. It consist the x y z feed rate 1000 mm/min,
pitch distance is 1 mm, 2 teeth M-milling toolpath
diameter 6 mm, maximum speed of all spindle motor
and the cutting direction is Zigzag. The pitch distance
of each vertical axis system (Z, A, B axis) is 70 mm.
In this process, the working area was divided in 4 Ly
section area. At the 1, 2 and 3 section area which the
milling head toolpath have worked together at the
same time but the section number 4 has later engraved
by only the Z axis toolpath after the 1-3 section area
has finished. Figure 14 shows the customized insole
manufacture from the SolidCAM software which had
only 1 section working area and used 120 minutes to
engrave. Figure 15 shows the customized insole
manufacture from the 3 head CAM software which
used 70 minutes to engrave.

The production time of example model which
engraved by the selected 3 milling head toolpath was
faster than the another process because the total
working area was divided in 3 section or more than for
each milling toolpath and all milling head toolpath

:

»

Fig.14 The customized insole was engraved by using
the 1 milling head toolpath.

have worked together at the same time. It is different Fig.15 The customized insole was engraved by using
from another process which has only 1-milling head the 3-milling head toolpath.
toolpath and 1 working area.

However, the in house 3 head CAM software and 5. Acknowledgements
the 3-milling head CNC machine are the beginning
software and the prototype CNC machine which have In this work the authors deeply impression and
many thing to develop process such as the algorithm thank the mechanical department of King Mongkut’s
of generate G-code, the mechanical design of CNC Institute of Technology Ladkrabang for valuable
machine and the new technique for manufacturing support by offering tools and grants.

process. Thus, the research need to develop and
experiment this system more efficient to replace the
commercial software and CNC machine.



A
TSME

The 7™ TSME International Conference on Mechanical Engineering @C#M )
13-16 December 2016 \

Oral Presentation

BMEO0010

6. References

[1] Monsak Pimsarn, Pongpun W.:Novel method of
foot sole surface generation for insole manufacturing,
ME-NETT 25th, 2011
[2] Monsak Pimsarn, Pongpun W.: Effectiveness of
milled-insole in plantar pressure reduction, TSME-
ICOME 5th, 2014
[3] Wild S, Roglic G, Green A, Sicree R, King H.
Global prevalence of diabetes: estimates for the year
2000 and projections for 2030. Diabetes Care. 2004;
27(5):1047-53.
[4] Huang ES, Basu A, O’Grady M, Capretta JC.
Projecting the future diabetes population size and
related costs for the U.S. Diabetes Care;2009,Vol.32,
p.2225-2229
[5] News: World Diabetes
Dayhttp://www.komchadluek.net/detail/20131030/171
670.html
[6] Weeagul P, Worawat S. The Prototype of
Computer-Assisted for Screening and Identifying
Severity of Diabetic Retinopathy Automatically from
Color Fundus Images for mHealth System in Thailand:
iEECON2016, 2-4 March 2016, Procedia Computer
Science 86 (2016 ) 457 — 460
[7] Pecoraro, P., Reiber, G., & Burgess, E. M. (1990).
Pathways to diabetic limb amputation. Basis for
prevention. Diabetes Care, 13(5), 513—521.
[8] D Malgrange, JL Richard, Screening diabetic
patients at risk for foot ulceration. A multi-centre
hospital-based study in France, Diabetes &
Metabolism Volume 29, Issue 3, June 2003, Pages
261-268
[9] Kato, H., Takada, T., Kawamura, T., Hotta, N.,
Torii, S., 1996. The reduction and redistribution
of plantar pressures using foot orthoses in diabetic
patients. Diabetes Res.Clin. Pract. 31 (1-3), 115-118.
[10] Parreno E M. Advanced tools for the design and
sale of customized footwear: case studies. In: The
2007 world conference on mass customization &
personalization (MCP). Cambridge, MA:
Massachusetts Institute of Technology (MIT); 2007.



http://www.komchadluek.net/detail/20131030/171670.html
http://www.komchadluek.net/detail/20131030/171670.html
http://www.sciencedirect.com/science/journal/12623636
http://www.sciencedirect.com/science/journal/12623636
http://www.sciencedirect.com/science/journal/12623636/29/3

AMANUIN A

Al Yo aa
‘lJ‘VIﬂ’J’]ﬁJ‘I/Ilﬂ’iUm’mmm‘lum’ﬁ’n

International Journal of Innovative Computing, Information and

Control 2019



International Journal of Innovative

Computing, Information and Control ICIC International ©2019 ISSN xx-xx
Volume 15, Number 06, 12 2019 pp. 1—10

DYNAMIC FEED RATE IN MULTIPLE INDEPENDENT SPINDLES
CNC MILLING MACHINE FOR ORTHOTIC INSOLE
MANUFACTURING

PONGPUN WATASUNTONPONG, MONSAK PIMSARN
AND AKAPOT TANTRAPIWAT
Department of Mechanical Engineering
Faculty of Engineering
King Mongkut’s Institute of Technology Ladkrabang
1, Chalongkrung Rd., Ladkrabang, Bangkok 10520, Thailand

monsak.pi@kmitl.ac.th; p.watasuntonpong@gmail.com

Received xxx 20xx; revised xxx 20xx

ABSTRACT. Diabetic Foot ulceration can be prevented in case of the high plantar pressure
is reduced and transmitted from ultimate stress point to the total area of plantar tissues.
Custom-Made Insole (CMI) is one of the practical techniques to reduce ultimate stress on
the patients foot. By employing the CAD/CAM technology, CMI for diabetic patients can
be made fast and cost effective in comparison to the conventional method. In this research,
there were two major improvements which made the CMI manufacture even faster and
cheaper. First, a foot sole surface impression machine was developed to be compatible
with the CMI configuration. The reusable foot sole impression machine can replace the
traditional dispensable impression foam. An experiment was carried out to verify that
pressure distribution on the impression surface was effective and comparable to the
conventional method. The second improvement was the implementation of multiple
independent spindles CNC system on the CMI cutting process. The configuration of
multiple cutting tools and design cutting paths were investigated. In addition, the optimum
cutting parameters were established using cutting force criteria. The relationship between
cutting force and axial depth of cut was used to assign the feed rate. Because the feed rate
which relates to the Z-direction can be varied among all spindles, two different
techniques, fixed and dynamic feeds, were applied and compared. On average, the fixed
feed technique can cut a pair of insole within 32 minutes, while dynamic feed can produce
within 29 minutes. Overall both foot sole surface impression machine and multiple
independent spindles CNC milling machine can cut down the production time to only 60%
of the time used in typical CAD/CAM system, and 20.8% of the time used in conventional
method.

Keywords: Custom-Made Insole (CMI), Foot sole surface impression machine, Multiple
independent spindles, CAD/CAM



1. Introduction. Diabetes mellitus, known as diabetes, is a lifelong condition or chronic
disease that affects the body’s ability to use the carbohydrates and glucose, which the body
fails to control the blood glucose level in the range of 90—-140 mg/dl [1]. This chronic
disease is associated with dysfunction and failure of organs, especially for the kidneys,
eyes, heart, blood vessels and nerves. Long-term complications include peripheral
neuropathy, ischemic and infections, which are the principal etiology factors of foot
ulcerations [2,3]. Diabetes mellitus patients have grown around 415 million people and up
to 592 million in 194 countries by 2035 [4]. In Thailand where this research was carried
out, the number of DMs is around 3.5 million in 2009 and up to 4.7 million by 2017 [5].
World Health Organization (WHO) announces that diabetes mellitus is the 7th leading
cause of death in 2030 [6]. Diabetic neuropathy caused of foot lesions. Approximately,
15-25% of the diabetes patients have approximately developed to the lower
extremity-ulceration [7]. These ulcers frequently become the infection and caused the lower
limb-amputation [8]. Foot ulceration of diabetics can be prevented and treated in the case of
the high plantar pressures is reduced and transmitted from ultimate stress point to total area
of plantar tissues by the off-loading prevention technique [9,10]. Custom-Made Insole
(CMI) is one of the practical techniques to increase the total contact area and to reduce
ultimate stress between the foot and insole [11,12]. CMI is usually conformed to individual
foot shape and can accommodate the unique foot structure and pathology which was
produced to match between insole surface and the contours of the feet. Nowadays, CMI
production has been developed using different techniques. In hospital or infirmary, CMI is
conventionally produced by skilled medical physicians. In Thailand and several other
countries, CMIs are still made by a sequence of traditional casting mold technique and the
thermal vacuum forming method known as the conventional method. The average
processing time of this method is 6 hours per one pair of CMI. This is considered a
time-consuming process, and also resulting in costly production. In addition, the old
techniques also cause difficulties on imprint errors, mold shape modification, and
technician expertise training [13-15]. In recent years, the Computer-Aided Design and
Computer-Aided Manufacturing (CAD/CAM) system has been introduced for
manufacturing foot orthoses. The first CAD/CAM system for manufacturing CMI was
established and introduced by American digital technology (Orthocan) in 1988 [16].
Currently, there had been many techniques and fabrications involving custom
designs and manufacturing using Rapid Prototypes Technology. Freeform Thick Layered
Object Manufacturing Technology (FF-TLOM) [17] was proposed for cutting materials,
such as, foam and elastomer. However, this technique is unsatisfied for tough polyurethane
foam as material of CMI. Hotwire cutting system for Variable Lamination Manufacturing
(VLM) [18,19] was favorable built as another technology, but it was not a proper technique
due to the thermal properties of EVA foam. In 2009, another technology is the non-weight
bearing scanning technology and the rapid prototyping systems were employed to increase
the production of CMI [20]. With these novel techniques, a pair of insole can be made
within couple hours which are the significant improvement of the production time.
Nonetheless most of these previous works were done by the typical CAD/CAM technology,
only the material and the model were changed. With these accessible technologies, in
Thailand, one pair of CMI is made at the cost about $100-150 which was almost equivalent
to half of the average monthly labor income in the nation. It was still considered very



expensive, and many diabetes patients cannot afford it. This price is based on data in 2012
when this research started. The motive to improve the CMI manufacturing process was to
bring down the production cost which depends on several factors but mainly on the
production time.

In this research an enhanced system of CMI manufacturing process has been
improved from imprinting patient feet to producing the EVA insoles. The outcome was a
great improvement from the typical CAD/CAM technique. To reduce the materials used in
the process of foot sole shape, a foot sole surface impression machine was developed. To
increase the production rate, three independent spindles CNC machine was invented based
on the insole cutting configurations. However, the multiple independent spindles system
had led to additional challenges which are unavailable post-processing software, tool path
planning and feed rate control. While the cutting parameters of a single spindle depend on
the one spindle, the multiple independent spindles system requires more complicated
consideration on the cutting feeds and depths especially when cutting soft material such as
the EVA foam. The optimum cutting parameters for all spindles can lead to the
improvement of production time and workpiece quality. All these parameters were used in
the dynamic feed rate method which was a new approach in this research.

There were few achievements made in this research that dedicate to the overall
improvement of the CMI manufacturing process. This paper has presented them in sections
according to the process sequence. In the following section, an invention of foot sole
surface impression machine and how the 3D foot sole image was made is explained in
details. Because the imprinted foot soles were made by the aim to distribute contact stress
over the entire surface, the evaluation of stress distribution result is also presented in this
section. In the third section, the multiple independent spindles CNC machining system is
introduced. The details of its configurations, both hardware and software, which was
designed to fit with the CMI cutting process are explained. In addition, the relationship
between cutting path planning and the machine configurations in different cases are
established and shown in here. With the multiple spindles, CMI cutting had become more
complicated with several cutting parameters involved. The process to determine optimum
cutting parameters is revealed in the fourth section. This is where the dynamic feed rate
technique for multiple independent spindles was established to maximize the production
rate. In section five, the CMI cutting result using dynamic feed rate technique is presented
in comparison with other methods. Not only the production time, but also the quality of the
outcome insole is discussed in this section. Finally in the last section, the improvement of
CMI manufacturing in this research is concluded.

2. Foot sole surface impression machine and 3D image conversion. In order to imprint
the foot profile for CMI manufacturing, the foot sole shape has to be formed in the state of
full weight bearing impression footprint. In traditional method, a block of impression foam,
which made out of a type of phenolic foam, is commonly used. This type of material is
costly and dispensable. To imprint a foot on this foam, the skill physician has to be careful.
If the patient moves or turns the foot during the operation, the foot imprint shape will be
distorted, and that foam block has to be discarded. Once the foam is imprinted, it is used as
an opposite mold to make the plaster model of the patient’s feet. This plaster casting takes
about three to four hours, and then it is carefully carved to fit with the desired insole profile.



This process requires a skill technician and time consuming. In addition, the plaster models
are heavy and need storage for future use. To overcome these limitations, a foot sole surface
impression machine has been developed to imprint the foot sole into 3D computer model.

The foot sole surface impression machine can capture the foot sole in the full weight
bearing state same as the traditional method, but it is reusable and has low operating cost.
The foot shape imprinted on the machine can be scanned by inverse engineering method,
and the data is stored in digital format which is easy for modification and relocation. It
provides great benefit as the patient foot imprint can be obtained in remote places. Then the
foot data can be conveniently sent to a CMI manufacturing plant anywhere in the world.
This foot sole surface impression machine is utilized the principle of particle vacuum mold
forming. It comprises of a bucket filled with small round plastics pellets about 0.1 mm in
diameter. Over the surface of pellet mass on top of the bucket, a thin rubber sheet with the
thickness of 0.5 mm is covered and sealed to enclose the bucket. In the bottom, it is
connected with air tubes to a vacuum pump. Figure 1(a) shows a diagram of major
components of the foot sole surface impression machine. The machine operates by a simple
controller which directs the vacuum pump to generate negative pressure in the vessel
storage. In the normal state, the controller turns solenoid valve-A to open and closes
valve-B. In this state, the imprinting box is not subjected to the vacuum pressure, and
therefore the plastic pellets inside the box can move freely. When imprinting a foot over the
rubber sheet, the foot sole surface can be formed similar to walking on the sand. In this
state the plastic pallets can still move freely according to the foot profile. When capturing
the foot sole profile, the controller closes solenoid valve A and opens valve B, charging
vacuum pressure into the imprinting box. This vacuum force causes all the plastic pallets to
clench on one another, and restrains their movements. After that, the foot can be removed
from the box, and the negative foot profile is temporary captured onto the machine. To
return to the normal state, the controller closes valve B and opens valve A again. This
remove the vacuum pressure in the system, and the plastic pellets can now move freely
again. The level of vacuum pressure which holds the foot sole profile is monitored by a
pressure sensor. Usually it was set at 0.5 bars. A lower vacuum will result inadequate
holding force, but higher vacuum cause more operating time and power consumption.
Figure 1(b) shows the foot sole surface impression machine was in an actual operation. The
captured foot profile was then scanned by a 3D scanner which can produce cloud point data
of the foot sole. This data was later converted to foot sole 3D model by using the SENSE
3D scanner and it was recorded in STL format. After that the foot imprinted model was
converted into the insole profile using the Autodesk OrthoModel 2016 Pro program [21].
This software can adjust the foot profiles to match the typical insole configuration and also
the outer perimeter. At this point the 3D CMI model is ready for the CMI manufacturing by
a CNC cutting system.
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FIGURE 1. (a) The diagram of major components of the foot sole surface impression
machine (b) The foot sole surface impression machine

In order to compare the foot sole shapes obtained between the traditional method
and this new foot sole surface impression machine, the 3D scanned models were acquired
from both models and analyzed using the Geomagic Qualify 12 program [22]. By
overlaying one model over another, the differences of the two profile surfaces were
measured along certain directions which relate to the most bearing pressure spots on the
foot sole. These directions are shown in Figure 2(a). They are labelled from A to D, where
A is the maximum foot length, while B, C and D are the metatarsal cross widths at a
quarter, a half and three quarters of the foot length measured from the toe, respectively. The
maximum differences between the two models along A, B, C and D directions were 4.3
mm, 3.2 mm, 4.0 mm and 2.1 mm, respectively. Although these values seem to be
significant comparing to the typical thickness of the insole, both models were very similar
in term of the profile shape. It means that the distribution of the stress between the bearing
foot and insole is unlikely depending on position of the foot but rather the entire profile. In
another word, the insole can be thicker or thinner as long as it has a right profile. The true
purpose was to distribute concentration of stresses over the foot sole. To verify the
capability of stress distribution by this machine, a series of test was carried out on 24
volunteers, ranging 49-89 kg in weight. By placing a force sensor pad, Prosthetic Mat from
FSA, on the impression surface during imprinting the foot sole, the stress distribution can
be achieved. Figure 3(a) and (b) show the stress distributions of the foot soles captured
from a flat surface support and the impression machine support. In this particular patient
case, the result has shown that the maximum stress was dramatically reduced from 130 to
92.5 kN/m” because the foot sole contact area had increased by 20.5%. Even though the
stress distribution is highly dynamic depending on how the person stands or leans on both
feet, the comparison has indicated that the stress distribution performance by this machine
was effective.
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FIGURE 2. (a) The geometric data are defined to 4 parts (A B C and D), (b) The scanned
footprint of impression foam and (c) The scanned footprint of foot sole surface impression
machine

(a) (b)
FIGURE 3. (a) The stress distributions of the foot soles captured from a flat surface support
and (b) The stress distributions from the impression machine

3. Multiple independent spindles system. Another improvement in this rapid CMI
manufacturing is the implementation of the multiple spindles CNC machine. Normally, the
multiple spindles milling machines are designed to increase the production rate for mass
manufacturing. By adding multiple spindles to the same z-axis, multiple workpieces can be
made simultaneously. This method is not suitable for making CMI which is the individual
customized product for different patient. To implement the multiple spindles concept, each
particular spindle is capable of moving independently on the vertical z-axis, and they divide
the working areas from the entire insole. This research has proposed the designed and



fabrication of such system which is configured for the CMI manufacturing.

This multiple independent spindles CNC machine basically allows all spindles to move
and engrave independently in the vertical axis. The configurations of the machine are based
on the Router type milling machine which has the working table moving along the y-axis,
x-axis, and z-axis. Figure 4 shows the multiple independent spindles CNC machine which
was successfully developed and tested during this research. The machine is driven by step
motors through a set of ball screws. The machine working area is 300 mm by 300 mm by
150 mm which is well matched with the designed area for the typical foot size by the
statistic, maximum 297 mm in length (sizel3 US or size 46 Europe). The working table can
move with maximum feed rate up to 1500 mm/min. Because of the material of CMI is EVA
foam which requires small cutting force, the machine has 500 W 100 VDC motors for each
spindle with individual air cooling fan. This motor has maximum torque 0.55 N-m and the
rotational speed of 12000 rpm.

independeft : —
. i =
spindles - - —

Workpiece
FIGURE 4. The first prototype CMI cutting machine with three independent spindles

The machine is controlled by the open source software, MACH3 program, which has
been modified to collaborate with the extra spindles. The MACH3 is widely used with
typical milling CNC machines. This software is under the GNU, General Public license. It
has also led to proprietary low cost PC based controller, providing an affordable CMI
manufacturing system that can be great beneficial for many diabetic patients who cannot
afford the expensive custom insole. The MACH3 in this research was developed based on
the Windows OS platform. The maximum capacity of the original version contains 5 axes,



which are X, Y, Z, A and B axes. Usually, the A and B axes are the angular coordinates
around X and Y axes, respectively. To make the software accessible with the multiple
independent spindles CNC machine, the A and B axes were used to drive the additional
linear spindle feeders. With these configurations, the standard MACH3 is capable of
controlling all three spindle feeders. Although the additional spindles can share the work
load, the performance of the machine is highly depending on how to assign the offset
distance between these spindles.

All spindles were connected in X and Y directions. This several patterns that can be
planned to complete the cutting area. There were two types of tool path suitable of this
machine configuration, y-zigzag and x-zigzag patterns. The y-zigzag is the path where the
tool cuts along the y-axis until the end of the workpiece width, later it moves in x-axis for
the step over size which is usually 100% of a tool diameter. The tool repeats the cut again
in the same manner until the x-direction cut proceeds through the spindle offset length. For
the x-zigzag the tool path is similar with the y-zigzag, except that the movements are in the
opposite direction. These zigzag patterns take turn to cut in both Conventional and Climb
cut directions. However, due to the soft material used for CMI, the Conventional and Climb
cuts were insignificant different. To select the suitable pattern, the feed rate was rather
taken into account. All spindles are driven by the x-axis feeder, while the light weight
workpiece moves along with the y-axis due to the Router-Type machine configuration. It
means that the x-axis feeder motor has to drive much heavier load and requires low cutting
speed for the same power capacity. The x-axis feeder also works fewer times on the same
cutting area for the zigzag in y-direction. Therefore, the y-zigzag style was chosen to
minimize the cutting time.

The number of spindles and their offset distances are the most crucial factors of cutting
time reduction. The cutting depths of all spindles are typically assigned from the top
surface of workpiece as the axial depth of cut. The CMI is normally made of soft material,
which is 20 mm thick. To determine the cutting time, the step over size at 100% of the tool
diameter was used throughout the cut. The spindle offset defines the size of the pocket
length which should be the common multiplication of the total workpiece length. If the
spindle offset is not exactly the common multiplication, it will result in cutting of a fraction
area, and some spindles might have to run empty without the cutting. Therefore, the pocket
length, L, can be determined using

L=NL, (1)

Where N; is the number of spindles, L; is the spindle offset distance between each spindle.
When the pocket length is equal to the length of total working area, it means that there is
only one pocket cut for the entire operation. In this case the spindle offset distance is equal
to the length of the workpiece divided by the number of spindles. If the pocket length is the
exact common multiplication of the workpiece length, the operation time is almost the same
as in the first case. The difference is only the motions from one pocket to another, but it is
very small in comparison to the operating time. In general, if there is a fraction area
presented, the total workpiece length can be stated as follows.



L,=N,L +L, )

Where L,, is the length of the working area, and N, is the number of pocket, L, is the
length of pocket and L. is the length of the fraction area. To calculate the total cutting time,
in the case of L, > L. > L, the cutting time of fraction area will be equal to the cutting time
of the whole pocket section. Giving N, as the integer number of cutting paths along the
perpendicular direction of spindle row, it can be determined by

N, :min{neZ|n2%} 3)

v

Where Z is the set of integers, and S, is the step over size. In such case the total x-y
traveling time, 7;, can be calculated as follows.

1=, +1]N{[N"W"];[L“‘ _Sv]} )

Where W, 1s the width of the cutting paths along the perpendicular direction of spindle row
and F'is the feed rate.

In the case of L, < Ly, the fraction area does not require the full number of cuts same as
in the first case. Giving N, as the integer number of the fraction cutting paths, it can also be
defined as follows.

W, = rnin{n eZn> é—} (5)

, and so the total x-y traveling time in this case can be calculated as

lNchJ+ [Ls Sv]:|+|:NeVVp +[Le Sv]:] (6)

F F
Figure 5 shows the diagram of multiple spindles cutting paths with all parameters which are
related to the x-y travel of the tool. According to this cutting path analysis and the typical
dimension of CMI cutting block mentioned early, the optimum spindle offset was set at 70
mm. This configuration is based on the y-zigzag pattern as already discussed early. It can be
noted that these planning paths are only considered on the top projection area of the insole
surface i.e. X and y-directions. However, each spindle has to travel along the z-direction
independently, and the actual feed has to be calculated according to the z-axis travel as
well.

T;:NpNs|:
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FIGURE 5. The definition of each parameter in the working area of y-zigzag pattern for
calculating the total cutting time

It can be noted that all equations above were established based on possible cases in
the multiple spindles configuration. They also show that the relationship between the
spindle offset distance, the size of workpiece, the diameter of cutting tool, and the cutting
plan has a great impact on the cutting time. The goal was to eliminate the fraction area in
the cutting path planning and use the biggest tool diameter. However some factors may be
constrained such as the minimal spindle offset distance due to the size of the spindles, and
limited cutting force due to the tool size. Using these relationships, the multiple spindles
CNC machine was designed to have offset distance between each spindle at 70 mm as
already mentioned early. There is only one pocket cut without fraction area in this
configuration. Moreover, the used of 6 mm. tool diameter requires 12 passes of cut at step
over size equal to the tool diameter. With these configurations, the multiple spindles CNC
machine was able to reduce the cutting time about one third of the time used in the typical
system. In addition, other cutting parameters were assigned not only by the equations
above, but also based on the properties of the material and cutting nature that are discussed
in the nest section.

4. CMI Optimum Cutting Parameters. During the CMI cutting, the most restricted factor
which determines feed rate is the cutting force. Because the EVA foam, the main material
used in CMI, is relatively soft, large amount of cutting force would result in high deflection
of the material while cutting. Not only causing the cut surface to be rough, but also the
outcome insole is inaccurate especially in multiple spindles where the cutting force from all
spindles are acting on the material block at the same time. The cutting force also increases
when cutting with a ball nose end mill. This is due to the small rake angle of the typical ball
nose end mill. Because the insole surface is curved and continuous, regular ball nose end
mills should provide minimum surface roughness characterized by the lay of tool paths.
However, with many trials on different cutting tool shapes and sizes, the straight flute end
mill has shown the best result in term of low cutting force and the workpiece quality. To
analyze the surface roughness caused by the lay of cutting tool, the insole cross section
profile in relationship with the cutting tool path can be modeled as shown in Figure 6. It



should be noted that this diagram has an exaggerated scale of the insole surface curvature
and the tool diameter. By using the cosine function, the surface roughness, R,, can be
estimated as

Ra=%\/4R2+d2+4Rdsin6?—R (7)

Where R is the insole surface arch radius, d is the cutting tool diameter, and € is the angle
of tool point tip location measured from the vertical axis. In this relationship, at any
particular tool diameter, the smaller R and the bigger € will result larger roughness. For
typical insole profile, R is usually more than 50 mm, and & is less than 30°. With these
values, the optimum tool diameter was found to be 6 mm, and it produced about 1.5 mm of
the maximum R, which is the roughness of the lay. Smaller diameter will result smaller lay,
but the cutting time will also increase as the tool has to cut many more passes. The biggest
surface roughness is usually occurred at the medial arch of the foot especially in claw feet.
Later a test was made to show that the increment of pressure distribution was not
significant on the insole cut by the 6 mm tool diameter.

’\C_":I

Tool

FIGURE 6. The roughness of lay produced by the cutting tool

After the optimum tool diameter was established, the amount of cutting force was
mainly depending on the remaining three parameters, the feed rate, the step over and the
depth of cut. To narrow down the variety, the step over size was assigned to 100% of the
tool diameter. Later, a set of experiments was carried out in order to monitor the cutting
force on the EVA foam. In the experiment, feed rates were set at 300, 600, 900, 1200 and
1500 mm/min and the axial depth of cut were 5, 10, 15, and 20 mm. The cutting forces
were measured using a load cell which was installed at a coupling table. Figure 7 shows a
diagram of the experimental setup. The cutting force was monitored in the y-axis which is
the primary cutting direction. Several blocks of EVA foam with the length of 100 mm were
cut, and the cutting forces were recorded by a data logger. The average cutting forces which
relates to axial depth of cut are shown in Figure 8. It should be noted that these
measurements were carried out on a single spindle.
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FIGURE 7. Diagram of cutting force measurement setup
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FIGURE 8. The relationship of axial depth of cut, feed rate and cutting force on EVA foam
cutting

In order to establish the relationship between cutting force and the workpiece quality, all
workpieces from the cuts were measured for dimensions and surface roughness. The results
have shown that the cutting force should not exceed 38-41 N for all depth of cut and feed



rate. When considering case by case, at the lowest axial depth of cut, 5 mm and the spindle
can travel at highest speed the machine can do i.e. 1500 mm/min without any significant
dimension error or poor surface quality. When increasing the axial depth of cut to 10 mm,
the highest feed could be assigned was about 1200 mm/min. As for the deepest axial depth
of cut at 20 mm, the allowed maximum feed rate was reduced to 300 mm/min before the
cut surface became very poor.

Using the result from the experiment stated above the cutting force criteria were set to
40 N. By replotting the data from the experiment, Figure 9 shows the relationship of the
feed rate versus the axial depth of cut, and they are relatively linear. A linear regression for

this relationship can be written as follows.
S =1924.5-83.04d (8)

When d is the axial depth of cut and f is the feed rate which will be chosen for highest
production rate in the multiple spindles system during the CMI manufacturing.

1600
1400 I~ Y=-83.04X + 1924.5

120004 L\ R®=0.9906
1000 e

800

600 m

Feed rate (mm/min)

400
200

0 I T 1
5 10 15 20 23

Axial depth of cut (mm)
FIGURE 9. The feed rate determination by the axial depth of cut

5. CMI Manufacturing and Evaluation. After the optimum cutting parameters were
established, they were used for the CMI cutting process at different conditions that can
evaluate the quality of the insoles. However, these parameters were obtained from the
single spindle cut. When cutting with the multiple independent spindles, it had raised a
question, about which spindle feed rate should be referenced. In this research, there were
two approaches for assigning the feed rate for multiple spindles. First method is to
determine which spindle possesses the deepest depth of cut which would result in the most
limited feed rate among all spindles, note that all spindles travel together in the x-y plane.
Then the entire operation feed rate is fixed to that specific spindle. This method is simple
and can ensure that no other spindles would cut the material with excessive force as the
maximum one is set to limit. On the other hand, at a specific time the depths of cut between
all spindles may be varied and therefore the maximum feed rate may be changed among all



spindles. To minimize the cutting time, the post-processing software selects the maximum
feed rate and switches the referenced spindle depending on the cutting locations. This
second method can provide faster cut and called dynamic feed rate method

In order to evaluate the performance of multiple spindles system in cutting CMI, an
experiment was carried out with three cutting methods, a typical single spindle, the multiple
spindles with fixed feed, and the multiple spindles with dynamic feed. The experiment
conducted based on data from ten diabetic clinical patients in Thailand. For all cases, the
first pass of spindles on the workpiece takes the longest time to finish, because most of the
area requires the maximum axial depth of cut at 20 mm. Only a portion at the zone, where
supports the medial arch, may be require smaller depth of cut. In the second pass, the cut
would take the shape of the insole profile and also the outer perimeter. In this step, the
cutting times were significantly different. The operating time for all methods was compared
and shown in Figure 10. In all cases, the traditional single spindle took about 2-3 times
longer to complete in comparison to the multiple spindle system. In average of all cases the
single spindle spent about 80.7 minutes to complete one pair of insole. For the multiple
spindles system, the average cutting time for fixed feed rate was 32.3 minutes, while the
dynamic feed rate was only 28.8 minutes. In percentage, fixed feed rate used about 4.3%
longer than the time used in dynamic feed. It is insignificant different, because both fixed
and dynamic feed rate techniques provided almost the same results at the first pass of the
cut as almost the entire area require deepest depth of cut. In the second pass, the cutting
tool depth will reach most surface area of the insole. At this level, the depths of cut are
varied based on the shape of insole profile. The dynamic feed rate technique therefore
selects the optimum feed based on this depth variation causing the production rate slightly
better than the fixed feed technique.

90 1
e I:] Single spindle

70 - IS’ Three spindles

&) . Three spindles
50 A + Dynamic feed rate
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10 4
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CNC manufacturing techniques

FIGURE 10. The average of operation time during the CMI manufacturing in three different
techniques

During the CMI manufacturing, the multiple spindles system had proven to be a
great improvement in term of the production rate. It is also necessary to evaluate the
accuracy of the cut results. Due to the contour figure of the insole, measuring the shape and
size had to be made for the entire surface. To do this, the produced insoles were scanned by



the HP 3D Structured Light Scanner Pro S2 which can fabricate the cut insole into 3D
model with the accuracy of 0.05 mm. The output 3D models were then compared to the
original models used to generate the cutting code. By subtracting an output model from its
original, a thin piece of output model with the thickness equivalent to errors produced by
the cut can be obtained. To determine the magnitude of errors, all output models were
analyzed by the thickness analysis tool in the SolidWorks 2014 program [23]. One or the
examples is presented in Figure 11. In this example, the insole was cut using dynamic feed
rate with the 40 N cutting force criteria. The results have shown that, the maximum cutting
error on the entire insole was 1.2 mm, while the average error was (.68 mm.

< 0.1000emm
% 0.2562mm
\\~ 0.4125mm
" 0.5687mm
0.7250mm
0.8812mm
1.0375mm

- 1.1938mm

- 3D Scanner

Workpiece

(b)

FIGURE 11. (a) The outcome insole was scanned by the 3D scanner. (b) The output model
was analyzed by the thickness analysis tool

In order to evaluate the cut result when using different cutting parameters, the
same model was cut in two different conditions. First condition was set to half of the
cutting force limit which 1s 20N. The result from this condition is shown as case A in Figure
12. The average error was 0.55 mm, while the maximum error was 0.95 mm. When
comparing to the optimum 40N case, shown as case B in Figure 12, it can be seen that the
errors from both cases were not significant different. However the feed rates of second pass
used in case A were about one third of those used in case B. It puts the production time
almost twice difference between case A and B. Another cutting condition was set by
assigning the feed rate at maximum feed capacity of the machine, 1500 mm/min, without
considering the cutting force limit. This condition is marked as case C in the bar chart. The
result shows that maximum error has increased up to 3.9 mm, and the average error was
also increased to 1.47 mm. While the production time was only improved at about 16%, the
error had raised to 216% of the B case. This comparison has verified the optimum cutting
parameters obtained in this CMI manufacturing.
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FIGURE 12. The average and maximum error in three different cutting conditions

6. Conclusion. CMI is a practical non-drug treatment for diabetic patients who are
suffering from foot ulcer which can lead to the lower extremity amputation. The two major
improvements on the CMI manufacturing technique have cut down the production time
dramatically, and yet they still maintain the quality of the outcome insoles. The foot sole
surface impression machine has been proved to be quick and low cost for capturing the foot
sole profiles and converting data to computer models. The captured foot sole profile was
tested for stress distribution performance which is comparable to the traditional impression
foam method. Another improvement was made to the CMI cutting process by using the
three independent spindles platform. This multiple spindles can share the work load and
produce a pair of insole with much faster time. It was feasible by establishing the suitable
spindle offset and cutting plan. For cutting EVA foam, the main material used in CMI, the
40N cutting force limit was used to determine maximum feed rate. This criterion is based
on the 6 mm diameter straight flute end mill which is also proven to be the most suitable
tool for the CMI cutting in term of maximum cutting speed and acceptable lay size. In
addition, the dynamic feed rate technique for the multiple spindles made a slight
improvement of the production time in comparison to the fixed feed, but it was simple to
implement.

With all the techniques and the optimum cutting parameters obtained from this
research, one pair of CMI can now be made to a patient within 75 minutes in average.
When it is compared to the production time used in the conventional method, as shown in
Table 1, the enhanced CMI manufacturing system developed in this research can cut down
the production time to only 20.8%. In Thailand, between July 2018 and March 2019, this
system was put to full operations through several projects. It can produce up to 1,235 pairs
of CMI for diabetic patients. It is hoped that this work could be a guideline in development



of a low cost CNC platform for fast CMI manufacturing system, and perhaps for some
other custom made manufacturing systems using the CAD/CAM technology.

TABLE 1. The comparison of production time used in the different phases of the
conventional method against the enhanced system

Production phase Conventional method Proposed system Improvement
(min) (min) (min)
Impression of foot data 5 5 -
Plaster casting model 240 - -240
CAD model - 25 +25
Vacuum thermoforming 95 - -95
Multiple spindles CNC - 25 +25
Finishing insole 20 20 -
Total time 360 75 -295
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5UN 2.2

(o)

A 4
Input : Positon of
Endmill (Point3D)

true

Get point from Model3D
and find Z max of point
Return new position to

Endmill (Point3D)

Endmill hit model3D

Return Z axis same
position input

<
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'
=1

UM 2. 2 uanarudansiuafiian1sinurenenin

mﬂu,mw"fqmsﬁmuaﬂmiaﬁ’]ma%qLﬁuﬁ'ﬁaéﬂﬂﬁmmmﬂugﬂﬁ 2.3 UNTNITUNAT
gulFuILNUNS LTI anARLRY FeA1flauitiisnaziinunltuszinanaiienazilvasiadu G-

Code



176

FILE EDIT VIEW PROJECT BULD DEBUG TEAM SQL TOOLS TEST ARCHITECTURE ANALYZE
(<] a W A_ nmd
MultiEndmillv3D.cs & fmExperiment.cs B + X

o

& Experiment Demo

EndMill Posttion
]| 192000mm [2Z, 9781 mm

el 60.000mm |,A. 0.000 mm

=
{E} 0.000 mm

1

Status: 44 -Nuntana_RightTop.stl - #5pace: | (190, 238) ‘ g

Delete Endmill |

=
¥| BoundingBox

WCSystem ’
| Clearance

JUN 2.3 uanaiialusunsuanuuiimaumfidanisinnuresmendn

n1s@gulusunsuAIuANvaInenin 3 i lagldnisnimuaiduniansinuuy Zigzag Lie

7519 G-Code dwmsusunuiaIadidud

lun1sWweulsunsuasiimeidaladenldnisamvundunianisiauuy Ziszag  wuuly

Founduiluteululunisadn G-Code voswmanin 3 1 Tnsuanssognslugui 9.4 Wethuuuu
1 [ . Y v Y 1% a [ [ d‘
WueN1SARKUY. Zigzag wnldiusendia 3 9 gukuudumsnsiinazifusuwuulnidegui 9.5

LAZKAAINITLUIN LTINSV UKRaRsitagnalus U 2.7

Contour
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[_ Zig—-Zays Follow

Z

V— Sepovers Follow
Cantour

JUT 9.4 wuuldunensiauwuy Zigzag wuulideundu
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5UN 2.7 UanansuUsuinisyinnuvesuiazynnenin

Faludrwnadeulusunsuannsasmuanisfees  (Parameten)  #ildlunisuseanana
Usznousme
YUIRUDIRDNIA (Endmill dimension) = dimensionOfEndmill
Srunuveneniadildeu (Number of Endmill) = numnOfEndmill
5LENNTENINNDANA (Pithch of Endmill) = pitchOfEndmill
sveznsindueluwny Z (Step Down) = stepdownOfEndmill
Bounding Box ¥asuudnasd 3 i (Model3D, Location of Model3D and Size of Model3D) 1%
dm5unmiAn Origin

984 Model3D Uay ANgagAraLnY XYZ a3 Model3D

fausmsiinesnisdungUlumsiedeudivessUuuuidunisnsianuy Zigzag unldiy
AaNiA 3 91
SEEEMNeTINATEINBNAA 3 %2 = dimensionOfEndmill * numOfEndmill
gUlumsatuauluunux = BoundingBox SizeX / szevynsiavsmuasnonia 3 1

aulunsinguailuunuy = BoundingBox.SizeY / syaemneviavianvainanin 3 v
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qulunsfndususerinasyePitch = pitchOfEndmill / (dimensionOfEndmil / 2)
Qﬂuﬂ’liﬁﬂ%m’miul,mu Z = ( BoundingBox.SizeY / stepdownOfEndmill ) +1

awnsediwnTeuly G wamanistvuanndwesiinususzuranaves Multiple
spindles CAM software Iugﬂ'ﬁ 9.8 wazuanNu s uReUNSTILTed Multiple spindles CAM
software lun15Useaiana G-code Iugﬂﬁ 3.9 uazuansiregrmtsnglusunsulunisusyaiana
\Uu G-code Tuzu 4. 10

Calculation()

TotalToolsDistance = (PrmCNC.ToolsPitch * 3);
iRoundDistanceX = ( ) (Math.Round(PrmCNC.TargetStockModel3D.5izeX, 3) TotalToolsDistance) + 3;
iRoundDistanceY = ( ) (Math.Round (PrmCNC . TargetStockModel3D.SizeY, 3) TotalToolsDistance) + 3;
iRoundPitchY = ( ) (PrmCNC. ToolsPitch PrmCNC.nROverlap) + 3;
iRoundStepDown = ( ) (Math.Round(PrmCNC. TargetStockModel3D.SizeZ, 3) / PrmCNC.nRStepdown) + 1;
(iRoundPitchy % 2 == 1)
{
iRoundPitchY = iRoundPitchYy + 1;

1
J

iRoundPitchX = ( Y(PrmCNC . ToolsPitch PrmCNC.nROverlap) + 3;
(iRoundPitchX % 2 == 1)

r
1
iRoundPitchX iRoundPitchX

1
J

5U% 2.8 WAAINITAINUANIS LB IFMLUTUSEUIaKNATBY Multiple spindles CAM software
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Input : Model3D for
Scan and get point3D

A 4

Input : Parameter
setup of Endmill

\

Process Scan and Get Point3D per
Endmill add into listof ZigZag and
combine to Point5D

V

Eliminate/Combine point5D
of 3 Endmill

v

Generate G-Code
(X,Y,Z,A,B)
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JUT 2. 9 LARLNURITURDUNITYN91UBY Multiple spindles CAM software
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File

i H_% o & é/

Project : EndMill Parameter :
Name : d Number of EndMil :

Model3D File : 44 -Nuntana_Right Top « EndMill Diameter :

Model 3D View :

mm  EndMil Pach :

-5.000 mm

-4.579 mm

-5.000 mm

%

05000 ( Mono )

| N5 GO G40 G493 G80 G21 (Intiaisation)
N10 G0 G53 Z0 A0 B0
|N15G0 G53 X0 YO

N50G1 Z0 AD BO F1500

N55G1 X0.000 Y0.000 Z2-5.000 A-5.000 B-5.
| N60 G1 X3.000 Y0.000 Z-5.000 A-5.000 B-
| N6SG1 X5.000 Y0.000 Z-5.000 A-5.000 B-
|N70G1 X9.000 Y0.000 2-5.000 A-5.000 B-5.|

NS5 G1 X24.000 Y0.000 Z-5.000 A-0.483 B-5.000
| N100G1 X27.000 Y0.000 Z-5.000 A-0.475 B-5.000
{N105G1 X30.000 Y0.000 Z-5.000 A-1.863 B-5.000
N110G1 X33.000 Y0.000 Z-5.000 A-3.228 B-5.000

N'IEOGUG?DOU‘NWUZSDUUAS!OWB{)W_
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M File MATLAB %aﬂiﬂiLLﬂimﬁ%’Ngﬂﬁ’N Sine model of rough surface way
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AANUIN R

HU3N 2.1 M File MATLAB %aslusunsua¥1e3usns Sine model of rough surface
x = linspace(0,6.3,100);
y = linspace(0,6.3,100);

[X,Y] = meshgrid(x,y);

Z=H*sin(X).*sin(Y); % \ila H flaaugerasgunsedulag

figure(1),surf(X,Y,2)

figure(2),contour(X,Y,2)

NN 2.2 M File MATLAB 2891UsunsutudnuIunniwantaainninene

cle,
clear all,
close all,

%%

for i=1:15
str = int2str(i);
Sheet = ['Sheet' str];



%row = ['A' strl;
char = [inputimasgel/' str "jpg'l;
img = imread(char);
%figure, imshow(img), title(Input image'), impixelinfo

%%

img_g = rgb2gray(img);
% figure, imshow(img_g), title('gray image’), impixelinfo

%%

H = fspecial('unsharp);
sharpened = imfilter(img_g,H,'replicate’);
BW = im2bw(sharpened,0.48);
% figure, imshow(sharpened), title('sharpened image'), impixelinfo
figure, imshow(BW), title('BW image'), impixelinfo
[r c] = size(BW);
countblack = 0;

countwhite = 0;

forx = 1;
fory = 1.
if BW(x,y) >= 1

countwhite = countwhite + 1;
else

countblack = countblack + 1;
end
end
end

A= countblack

A= countwhite;

end
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ANMANUIN Y
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XOR TagizuannmsiUadayaliieBununuudiaasduiuy (Solid Model) Wavdayauausaediyiigin

AMsawny 3 SRgadutey WaluRl (Surface Model) MeAds Insert File

] { rapidformXO g
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£ Right
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& W& Transforml
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® %> Surface Bodies

i @ (7 Solid Bodies
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-# [+ Ref. Points
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| & # A Ref. Planes
| @O Ref. Polylines
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&
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- B Transforml
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« " Model Vi@ rapdformXO Onine
O MA@ A A A =
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4)  YINANSIAVUIAAINUNUNLLDT U LALLM ELUSHNSY SolidWorks  B3UAUaNNNISUA

UoyatuuaILAuIINIUIUNTY RapidForm XOR aidafiuauud Yinsiaseinnumuguny

PBATEY Thickness Analysis USlIauntingngA1ds Evaluate

. . : P
At o ag| File Edit View Insert idCAM Window Help W0l (1 - (¥ - [l - %+ ¥ - & - B % i - £ [P SearchSohdWors ey D] P v o @ @& X

L a o] 0 & g & Chex % Deviation Analysis §# Draft Analysis 45 Symmetry Check cﬁ: w5 @
Design : = : = i heck 2
Sludg Measure  Mass Section  Sensor [ Geometry Analysis |3S Zebra Stripes & Undercut Analysis P SimulationXpress FloXpress »
Y Properties Properties Statistics 2 **| Analysis Wizard Analysis
@ Import Diagnostics - Curvature %» Parting Line Analysis™ =7] CompamUocuments & Wizard

icts [ SolidCAM |

c2eaan@-F-6- a\ EEIEE

; Y
s |8 Evaluate
.Ej > |« ooimm -
x
[ (@) show thin regions
() Show thick regions |
|
""" Save Repogll’ =2
| A e
@ ;
[ ; - :
B [v]Full color range |
i [¥|Keep Transparency
U~
o L Target thickness color: ‘
@ =
i ) -
2 2| i il
- 131} (@) Continuous
= (") Discrete
:‘ Thickness scale:
=
i Y
7
¥ 5
#
0 — = | *Trimetic
v | R T1_Mod Z
L SNl A ay .
SolidWorks Premium 2014 x64 Edition Editing Part MNIGS. - Thickness Analysis @ |
. = — = Sy R e

= LTS am, —— Sm A Ty
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5)  MNNTIATIERAUAULLDTUNUAILAITANAUATBULIANITLEAIEAIN AU L DTUIY
GT’]E!GI 0.05 13, wavgidn 2 . A28 Analysis Parameters laan Show thick regions uagidien Treat
corners as zero thickness Wagtdion Calculate Lialilusunsuusvinunatoya wanadnumn

[

NI

50 W89 5 055 L0 mowmmpi? cBER

o
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™ Geometry Analysis [N Zebra Stri ©% Undercut Analysis == Thickness Analysis - AL OR plEssl ospEcs »
Sy Properties Properties Statistics R £ e 2 Active Do | anatysis Wizard  Analysis
@ Import Diagnostics | Curvature % Parting Line Analysis (%] Compare Documents . Wizard
y cZraasN@-F-or- - 00 x|

| :
2.
& |2 -
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5 & A 005Smm 2 1
e 3
@
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LR
W | ¥ = o A
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View report on save
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7) Fayadliannisiunaiu wansdedeyaniag Jsdnlusenisimszianunuiletuay

Summary,
Total surface area analyzed 17603.87mm*2
Critical surface area(% of analyzed area) 17589.73mm*2 (99.92%)
Maxi deviation from target thick 1.76mm
A g ighted thick on critical area 0.73mm
A g ighted thick on lyzed area || 0.73mm

Number of critical faces 975 Face(s)
Number of critical features. 1

Minimum thickness on analyzed area Omm

Maxi hick on lyzed area 1.81mm

Analysis Details

0.05mm to 0.49mm

Tucoes ange | Mamber ot | Srtce s
168

5469.63mm*2 31.07%

0.49mm to 0.93mm || 274

6091.09mm"2 3480%

0.93mm to 1.37mm | 395

5218.28mm*2 29.64%

1.37mm to 1.81mm || 138

810.73mm"2 461%

Parameter | Value

Surface Area || 17616.4mm*2

Volume 6411.03mm"3

Mass 6.41 grams
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