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summary:. Cumert harvesting heads are paficularly efficent during delimbing process in
coniferous trees. Bt they are definitely leszz effciert in broadleaved trees in terms of
productivity, strength and quality, becausze of the shape, diam eter and hardrness of branches.
one of the objedives of the zo-called ECOMEF projedt (Eco-design of mechanized
equipment for hardwood harvesting) was to develop nesw more efficient delimbing knives and
o compare their perfomance with cument knives, in tems of force, energy and time
necessary to cut hardwood branches.

These parameters wene assessed with FEM models and experiments on hardwood,
with delimbing test benches dewveloped for the project az well az field testz on a harvesting
head, both for exigting commerdial knives and our innovative ribbed knives.

3y azzessing the enengy and the forces neceszany for branch-cutting, the knife shape
waz improved and optimized . Thizs study has finally led 1o newpaterted delimbing knives for
forest harveder heads, that are currently tested by professionals in logging condiions.

Kewwords: Jelimbing test bench, Harvester head, Cutting force, Fibbed knives, Blade shape,
Hardwood tree, ECOMEF project.

L Introduction

By the wear 2020, the French wood harvesting iz expeded to increase by 21 million m?,
among which 65 % iz hardwood 4], Howewer, moat existing harvesting heads are dedicated
to coniferous trees and loze their eficency on hardwood, even leading 1o machine failure.
Harvesting heads achieving the same produdivity on hardwood tree s as on coniferous frees
hawve il 1o be developed. The ECOMEF research project (Ecodesign of mechanized
equipment for hardwood harvesting) has the ambition to develop such heads.

The harvegting process with thiz kind of machine z can be divided into four feps:

— Firgt, the operator choozes atree and placeszthe head onthe trunk base.

— Then,the machine cutzthe tree, that fallz down.

—  Whenthe tree iz down, the machine delim bz the tree, urtil the length of the first piece
of wood iz achieved (Fig. 1a).

— Finally, the head cutz a log of the trunk at the desired length. Thoze two a3 steps are
repested urtil the end of the free.

The typical harvesting head considered in thiz paper iz the Kesla 25 EH [11]. It uzes
b propelling rollers and two pairs of delim bing knives that brace tightly the trunk (Fig. 1b).
Allthe adustors are hydraulic,

Cne strong limitstion of this twpe of heads iz that they cannot mose smoothly on
hardwood trunks. Some expermertal results [3] showed that the zame machine could
produce L4mmin for coniferoustrees (fir) and only 0,5mmin for hardwood (beech). Typical
problems are: 1- the head cannot delimb big branches; 2- the head passes trunk curves with
difficulty.
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Figure I Example of harsesiing head Keslz 25RA [11]

&) Hanesting head and Bz carrier Juring delimbing, b) Description of head componenis.

After a previous work oninnovative grippers 5], we focus this paper only on the first problem
of big branches, while pazsing the crooked trees iz conzidered in & separate paper '1]. Some
expermertal results collected by FCBA during log cutting showy that dificulties may occur
during up to three quaners of the delimbing time (Table 1). Providing a head with better
delimbing abilities for big branches will contribute 1o increase productivity up to 40%, ane of
the main objecive z ofthe ECOMEF research project.
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Table I Two representaiiqe ke stz of jog cutting with imings (FCEA rpom),

2. Exising delimbing knives

The knives currertly awvailable on the market hawve the shape of curved blades made of
hardened steel and =oldered to a curved pivoting arm (Fig. 23). The delimbing process
cons s in trangdating the knife along the trunk surface with a given speed (typically 1-Ymis).
Then, branches are o after shocks with the cutting edge of the blade, located dosze 10 the
trunk surface.

A firg preliminary work was performed to evaluste the delimbing performance of
graight blades, azsuming the blade curvature does not significantly modify the delimbing
phenomenon. A test bench wwas buik for comparing many types of delimbing blades on
varnous twpes of branches (Fig. 3). It includes a blade suppon gliding on quiding rails and
actuated by a hydradlic cylinder. The branch is maintained by two supports and the blade
parameters (cutting force and dizplacement) are meazured by two s2nsors.

Cutting  Cutting
aedge  fauoe

Enife motion speed
< knife
Celirnbing knik thill:kl'ESS

Frure 2: Delimnbing with 2 classical knite: a) Knite of Kesia 25RA; B) Delimbing process.
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Fiure 3 Delirmbing e 31 bench tfesting an exizting srooth bliads.
&) Geometny of & classical smooth Bade | B Delimbing fesibench.
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Table 2; Average fokce ahd energy required to oyt 3 branch of S0mm of damete r

Awide delimbing teg-campaign cortzining more than sty tests was performed [6]. Table 2
presents zome results for two smooth blades of thickness S8mm and 10mm. In average on
three different branches, the required force and energy to ot & S0mm-diameter branch are
respectively of 36,5 kM and 1643 1. With & blade of only Smm, the cutting force decreases 1o
33 kN and the enengy to 1433 1. Thiz confimis the intuitive result according to swhich the
thinner the blade, the lower the delimbing force ofthe branch.

3. Innovation for delimbing knives

Harvesting heads generally brace the trunk swith one or zeweral delimbing unitz. The top
delimbing unit generally comprizes three knives: one knife fixed 1o the body and two mobile
knives shaped az arms. However, many innovations were proposed 1o this anchetype during
the [zt forty wears.

Wany patents concern the kinem atics of knives: specific cam atops for end-positions
[13]; articulated fixed knife inthree parts, with mowvable side blades [14] that fit better around
the trunk; poly-articulated delimbing knive s, comparable to 2 chain where each limb would
bear a cutting edge, fixed at both end=10 2 fgid arm &),

Ciher paterts focus onthe cortrol of the mobile knifes zo they firmly hold the trunk
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Fiaure & Some patents about delimbing kniqes. &) Fixed Knife with movable side Blades [14]
B) Pal-gmicwiated knife [8); ) Motkan and force contral af knive s (10, ) icro-teeth Hiade
profile [15,; &) Bevels on the blade crass-zection (16, 1 Speciic wavy Made edge [12); q)
Knives wih internal spacers 9],

during diameter changes bt are controlled 1o decrease fiction during feeding motion with 2
zuitable fitterng [F] 10].

Alhough many special blades exda for general applications, auch a3 micro-testh
blades [15], spedal profies for forestry applications were not 20 much studied. One could
mertion & specal weawy profile of the aming edge [12], bewvelz on the cross section of the
blades for easier delimbing [16] and spacers on the inner surface of knives to prevent biting
into the bark and alloweirrequlanties on the trunk to pass under the cutting edge 9]

4. Designing innoyaive knives

mproving the delimbing operation could be obtained with innovative knives, and the patert
gudy of Tedion 3 tends 1o prove that innovative blade shapes could be provided. Moreowver,
the testing of exigting blades (Zedion 2) showed that blade thicknesz had to be reduced for
better cutting.

dzing thiz idea, it was decided to try to decrease the cutting force needed to ot &
branch by uzing a blade 2z thin 3z possible. By doing that, the comtact surface between the
knife and the branch iz minimized during the cut. It helps to decrease the fidion and alzo
increasssthe stress on the wood fibres, that get tom by the blade cutting edge.

Obwiously, & werythin blade haz al=oto be strong enough to resis to the cuting loads
and more generally 1o all the shocks that ocour during forestry operations. In order 10 awoid
any bending ofthe cutting edge, additional ribz, uzed az Fiffeners, were positioned regularly
along the oming face. Figure & showe the new blade design and the associsted dimensional
parameters:

—  fAthe sharpness angle

— 1 A the blade thickness

— I nthe nb depth

— 1 K the knife thickness

— d_+the distance between ribs
— th_rtherib thickness
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Sigure 5 Geomety of the mnovative ribbed Knffe with Bz geomelnc parameters.

The effectz ofthe geometric parameters of the knife onthe ofting force during the ot of the
branch hawe been tested on the experimertal test bench (Fig. 6). Thesze tests highlighted =2
positive effect of the newribbed blades on cutting force, compared to smooth blades.

The influence of the geometric parameters on the cutting forces was experimented
during a design of experiment (Table 3. A low sharpness angle (close 1o 16°) decreassad the
cuting force but the blades were damaged due to a lack of mechanical strength. 307 seemed
to be a good compromizs. [N a same way, lowthickness blade (205 < Imm ) was not enough
regigtant and judged not adapted 1o operating conditions. The effedt of the depth of ribz was

not cleady established and complementary tests should be performed. A lowe distance
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Sigure 6 Delimbing with an innovatiqe ribbed knife. The branch bends a ot before cuiting.
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Figure ¢: Finite Eiement Madel of 3 cuwed Hbbed knife with Anzys sofware.

between ribz (3 mm) significartly increazed the cutting forces, and 2 good com promise
between mechanical strength and cutting forces was establizhed a8 16 mm.

Complementary finte element gmulations were performed on 2 curved knife model to
optimize itz geometry and find the maximal 0ad admissible for differert knife configurations
(Fig. ¥1. The aim was to compare these loads to forces &t the impact of the branch and
during the branch-cuting.

The simulations permitted to extract nine configurations to test on the test bench
(Table 47. For all these configurations, the sharpness angle 5 was st to 307, the ribs depth
I orto 40 mm and the distance between bz J o 16 mm.

Enife nare Enife thickness Blade thickress Rib thickress Mzc<irnal o utting
th_k-th b-tr th_k (rarm)) th_b (rnrn)) th_r (rnrm) force (kN
1. Srooth & mm ] I I 30

2. Ribbed 8-3-2 ] E] 2 26 8

2. Smooth 10 1 ) ) 24

d. Ribbed 10-3-1 10 3 1 203

5. Ribbed 10-3-2 10 E] 2 255

6. Ribbed 10-5-2 10 3 z 274

7. Srooth 12 12 I I 324

2. Ribbed 12-5-2 12 5 2 2549

9. Ribbed 12-7-2 1/ ¢ d U

Tabie & LIzt of the nine fested conlgu iations an the bench and maximal cutiing farce
Chranch diamelerS0mm, 3 =307, L r=40mm, J_r= 16 mm )},

The curves of the expermertal tests (Fig. 8)1allowto drawthe following conclusions
— The bladez of thicknesz £ = 3 mm sere not suficiently rigid and plagic
deformations occumed during delimbing:
— A bending of ribbed knife 5-3-2 ocourred for & 75 mm branch diameter (which
comesponded to an axial load of 30 kM.
— A bending of ribbed knife 10-3-2 occumed for & 100 mm branch dizmeter (which
comesponded 1o an 2dal load of 43 kM.
— The thickening of the ribz from 1 mm to 2 mm increaszed dightly the cutting forces,
that wasz 26.3 kN for Ribbed 10-3-1 and 256 kN for Ribbed 10-3-2.
— Foara given knife thicknessz, the thinnerthe blade, the lower the max, cotting forces.
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Sigure & Expermental test-bench cunses of force agalnst displacement for the nine knise s

— For & given thicknesz of the afting blade, the thickness of the knife and thus the
height ofthe bz had alittle effedt on the maximal osting forces,

h. Field == inreal condiions

After the promizing FEM modelz and experimental rezultz on the test bench, a prototype
ribbed top-knife was produced for tests on a Kesla 26FEH harve sting head. The tests alowed
o evaluate the materal srength in real conditions, the values of delimbing forces and the
gains of productivity. The experments were arganized in a woodlot with clum ps of chestnut
trees. Five prototype knives were tested, defined by their #h_&-1h_ b-th r-f rparameters, each
one on fifty trees, and the results are summarized in Table 5. All the innovative ribbed knives
brought productivity gains from 3% to 40%. Long ribz were alzo tested with success. These
resultz must be confimmed by additional experiment s with 2 head equipped with three ribbed
knives and exended statiztical rezukz. The innovative ribbed knife was paterted [2].

knife type th_k-th_b-th _r-I_r 125243 10-==2-43 12-7-=2-13 125204 1=-F-204

Froductivity gain 2% 23 0% =2 2

Tabke 5 Froductisiy gains for the fve e sted Xibbed Knkses with respect o & classical knie.

6. Conclu=ion

Thiz work was focuzed on the evaluation and minimization ofthe delimbing forces generated
in harvesting heads equipped with knives. An owerviesy of recent advances in delimbing
devices showed that the delimbing knives could benefit from shape optimization, not =0
commonly in the domain.

reliminary tests of stmight smooth blades on a delimbing test-bench, created for the
project, showed that thinner blades generated lower coting forces, but &t the price of a lack
of mbustnessz. In order 1o im prove bending strength, an original knife profile with athin blade
Hiffened by regulady spaced ribz wasz propozed.
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Sigure 9: 4 pratolvpe Hbbed knite replacing the fop clrsskcal knffe aon @ Kesla 2 5RH head.

Additional finite elem ert m odelzs helped 1o find 2 com prom ize between cutting effidency and
material strength. Mine dimensional configuration were tested onthe bench and the curves of
force againg displacement were provided for wvaried diameters of branches. The newribbed
knives consstently proved 1o generste [ower cutting forces than the existing smooth blades.
Far thiz reazon, the ribbed knives were paterted [2]. Additional field testz on & Kesla 25RH
harvesting head alzo showed that smaller delimbing forces could improve efficiency up 1o
40% with respect 1o dassical smoaoth knives. This very encouraging result will be soon
confirmed by extended experiments.
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