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Abstract

The study examines the degree of deviation from the nominal size of the produced open full-width mortise and tenon joint
elements for their optimal pairing based on the measured thickness and gap width data. The characteristics of the measur-
ing devices used were analysed by the repeatability and reproducibility test. The compressive strength of the single-glued
joints (where only the surfaces of the tenon were glued) and double-glued joints (where the surfaces of both the mortise and
tenon elements were glued) for various joint fit categories was also determined. It was found that despite the huge number
of produced test specimens and their measurements, the joint fits could be maintained with the milling machine and tools.
The thickness of the joint could be characterized by measuring the data at the centre of the tenon, whereas the gap width of
the mortise could be characterized by measuring the data on the side of the tool leaving the wood. The double-glued joints
showed higher breaking force and displacement values as compared to the single-glued joints. The joints were found to be

the strongest at a tight fit of 0.1 mm.

1 Introduction

Timber is one of the oldest, most popular and versatile
natural materials known to mankind. Most of the scientific
knowledge of the structural use of timber has accumulated
over centuries, but the inhomogeneity and anisotropy of
timber have left many unexplored areas still to be clarified
(Merk et al. 2014; Ramage et al. 2017). For most of the man-
ufacturing and processing operations, many aspects includ-
ing wood inhomogeneity, changes in environmental condi-
tions and machining parameters are of immense significance.
The strength, rigidity and stability of timber are essential
factors to be considered for the safe and economical design
of the structural elements (Eckelman and Suddarth 1969;
Imirzi et al. 2015; Jivkov and Marinova 2006). For furniture
and other timber constructions, the quality and durability
of the various glued structural joints used are significantly
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influenced by the structural fit of the comprising elements in
addition to several other factors (Prekrat and Smardzewski
2010). Joints are the weakest points of the wooden structures
and usually the points of failure, thus it is crucial to take into
account the tolerances and fit systems in joints in design and
production (Eckelman 2003).

The machining accuracy and the moisture content of the
wooden specimens have a profound impact on the quality of
the joints produced (Tankut and Tankut 2011). By choosing
and maintaining the appropriate tolerances, it is possible to
produce the required joint elements that ultimately reduce
both the scrap and the customer complaints. The practices on
opting for the joint fits may vary from place-to-place with no
general guidelines to follow; there may be instances where
the loose or fixed joint fits are preferred to the tight fits and
vice versa. However, the joint fit is essentially determined
by the type of the product to be manufactured, in addition to
the type of wood, the moisture content of the raw material,
the type of adhesive and the type of machining used (Altun
et al. 2010; Ratnasingam and Ioras 2013; Wilczysiski and
Warmbier 2003).

In the timber industry, the dimensions of the manufac-
tured products in the series production line are never exactly
identical, even with the most accurate settings, technological
parameters and the best quality of raw material. In practice,
variations in the external or internal factors such as machine
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accuracy, rotating machine elements, vibrations, accuracy of
the guiding component to be machined, material characteris-
tics and tool characteristics may occur in a number of ways
(Kasal et al. 2016; Ratnasingam et al. 2010). The regula-
tion task involves the minimization of the errors caused by
variations in these factors and stabilization of the produc-
tion process. A well-regulated production process ensures
that, subject to predetermined technological parameters,
comprehensive statistical methods are used to determine the
theoretically acceptable tolerances. The better the regulation
of a production process, the more positive the outcome of
quality assurance methods supported by statistical methods,
such as reduction in the scrap, fewer post-production and
error corrections, increasing customer satisfaction, etc. can
be achieved (Kovacs 2017).

The measurement itself is a process, which is influenced
by the combined effect of a number of input factors such
as the measuring instrument, tester/operator, manufac-
tured product, environment and the method (Viswanathan
2005). It is indispensable to examine the characteristics
of the measuring instrument to be used for data measure-
ment (Hajdarevi¢ and Martinovi¢ 2014). Once the neces-
sary process parameters are determined and the measure-
ment method is confirmed, a measuring instrument must
be selected for the trial. It is of utmost importance to verify
that an appropriate measurement system has been applied to
evaluate the parameters to be tested. The suitability of the
manufactured product, the sequence of the process opera-
tions, need for process improvement, etc. depend on the
outcome of the in-depth analysis of the measurement data
(Erdil et al. 2005).

The differences in the measurement data arise due to sev-
eral factors. The manufactured products may differ in physi-
cal dimensions due to variation in machining. The tester
may make random measurement errors originating from
individual-related or method-related sources, thus affecting
the repeatability of the data (Viswanathan 2005). The skil-
fulness, the attentiveness and the reliability of the operators
may be different, which determines the reproducibility of the
data. The lesser the variation in the measurement data due to
the measurement system, the more accurate the manufactur-
ing process. An ideal measurement system causes minimum
possible variation in the measurement data.

After reviewing the types of wooden joints with their
usual dimensions and the timber species commonly used
by the furniture industry, the open full-width mortise and
tenon joint was chosen for the study as it is commonly
used in practical life and can be produced using basic
woodworking tools and measuring instruments (Kasal
et al. 2016). Amongst the various hardwoods, the Euro-
pean ash wood was selected for the production of the joint
elements. The present study aimed to examine the degree
of deviation from the nominal size of the produced mortise
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and tenon joints as well as recommend the perfect pairing
of the joint elements taking into account the direction of
machining, based on the measurement data. The charac-
teristics of the measuring instruments were analysed by
the repeatability and reproducibility (R & R) test. The
compressive strength of the glued joints for different joint
fit categories was used as a tool for validating the concept
of optimal pairing of the wooden joint elements. Finally,
the optimal joint fit of the mortise and tenon joint was
determined.

2 Materials and methods
2.1 Materials
2.1.1 Materials

High-quality European ash wood (Fraxinus excelsior) was
purchased in the form of 1035 X 65 X 25 mm size cabinets
from IKEA Industry Ltd., Hungary. The moisture content
of ash wood was checked under laboratory conditions in
accordance with the standard ASTM D4442 “Standard
test methods for direct moisture content measurement of
wood and wood-based materials”. The wood specimens
were dried in the oven at 103 +2 °C to constant weight and
the moisture content was found to be 10%. For the gluing
of the joint elements, a Technobond 3000 D3 waterproof
adhesive, was procured from Szolvegy Ltd., Hungary. The
adhesive was a polyvinyl acetate dispersion with the fol-
lowing specifications: viscosity: 9.0 +2.0 Pas, density:
1.08 g/cm?, pH: 3.0 + 0.4, minimum film forming tem-
perature: 5 °C and adhesive strength: 10.0 N/mm?.

2.1.2 Specimen preparation

Prior to adhesion, the contact shoulder and gap surfaces
of the joint elements were covered with a general adhe-
sive tape from the packaging industry to prevent adhesive
bonding between them in order to examine the strength
provided by gluing on the contact surfaces of the joint ele-
ments. For the application of the adhesive, two cases were
taken into account. In the first case, the tenons to be tested
were glued on each side (single-glued joints), while in
the other case, the adhesive was applied on the surface of
both the mortise and tenon elements (double-glued joints).
In all cases, the adhesive was thoroughly spread over the
entire surface (refer to Fig. S1 in the Online Resource),
and after 1-2 min the mortise and tenon elements were
assembled together and finally rested for 12 h.
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2.2 Methods
2.2.1 Production of mortise and tenon elements

The production of mortise and tenon corner joints was car-
ried out on a GRIGGIO T210 milling machine, which was
equipped with changeable milling knives from Leitz Hun-
garia Tools Ltd., Hungary (refer to Fig. S2 in the Online
Resource). The milling knives, with a tolerance of 0.1 mm
from the minimum 8 mm set point, were purchased from
Leitz Hungaria Tools Ltd., Hungary. The dimensions and the
number of wooden joints were adjusted to the parameters of
the milling tool, raw material and the compression tests to
be performed and determined according to Table 1.

The mortise elements were made by setting the milling
tool to zero thickness position while the tenon elements
were machined in two milling cutter pairs on one axle.
The physical dimensions of the joint elements are shown
in Fig. 1. Depending on the machine configuration, the

milling tool, the raw material, the technical conditions
during production and the handling staff’s capabilities,
each machining process involved dimensional differences
in the produced test specimens (for different joint fits). The
thickness of the elements was determined by taking into
account the minimum shoulder support width (~5-6 mm)
recommended by professional experience. The mortise and
tenon specimens were arranged into units of 30, assem-
bled together, labelled and covered with a protective foil.
During all stages of production, the temperature of the
chamber was maintained at 22—-24 °C while the humidity
was kept at 45-50%.

2.2.2 Measurement of thickness and gap width of the joint
elements

The mortise and tenon test specimens were sequentially
numbered from 1 to 60 for their identification during the
measurements. The measurement lines were drawn at

Table 1 Examined specimen dimensions, joint fit categories and number of test specimens

Tenon dimensions Specimen length Specimen thickness

Categories of joint fit Number of test specimens for

compression analysis

31.3x31.3 mm 250 mm 6—-8-6 mm Tight #1 (0.2 mm) Tenon 60/joint fit
Tight #2 (0.1 mm) Mortise 60/joint fit
Fixed #3 (0.0 mm)
Loose #4 (—0.1 mm)
Loose #5 (— 0.2 mm)
8-8-8 mm Tight #1 (0.2 mm) Tenon 60/joint fit
Tight #2 (0.1 mm) Mortise 60/joint fit
Fixed #3 (0.0 mm)
Loose #4 (— 0.1 mm)
Loose #5 (— 0.2 mm)
Total number of test specimens examined Tenon 600
Mortise 600
20 250
(6-8-6)
)
)
31,3
250
[ee]
Y
35

Fig. 1 Dimensions of the test specimen
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a distance of 6 mm from the base of the test specimens.
Finally, taking into account the uncertainties caused by the
mechanical impacts during machining (the milling tool’s
entry and exit positions), the measurement points were
marked at locations in the same order and measured using
the digital Mitutoyo MDC-25MX standard and IMP-30 MB
internal pre-calibrated micrometres of thousandths millime-
tre accuracy (refer to Fig. S3 in the Online Resource). Dur-
ing the tests, there were no instructions for positioning the
measuring instruments and specimens and the testers posi-
tioned them at their own discretion. As shown in Fig. 2, each
tenon had five points of measurement, while each mortise
had four (since measurement at the centre of the gap was
not possible).

Measuring the tenon thickness and mortise gap width pro-
vided information on the machining, the measuring tools and
testers as well as, on how the two elements should be paired
for an optimal fit. In this context, four different theoretical
variations of the mortise and tenon elements were possible,
as shown in Fig. 3. The most ideal case of pairing theo-
retically was applied based on the measurement data when
jointing the two elements. The measurements were slowed

Fig. 2 Points of measurement
on the tenon (left) and mortise
(right) elements

(98 ot - 2

oy A |

down by the fact that only one micrometre was available and
that the joint elements had to be wrapped in protective films
before and after each measurement. During the tests, all the
three testers took measurements in triplicate to measure
1200 specimens (600 mortises and 600 tenons), amounting
to a total of 16,200 measurements per tester, which were
recorded separately in Excel spreadsheets.

2.2.3 Statistical analysis

The number of testers and replicate measurements were
determined so that the results could be statistically evaluated
to obtain maximum possible information. Each measuring
point of each test specimen was measured thrice by three dif-
ferent testers. Since common measurement instructions were
not available to the testers, each tester took the measure-
ments using the most practical measuring system and meas-
uring instrument, and later repeated the measurements. The
statistical evaluation of the results was done using Statistica
software (v. 13.1) and the R & R analysis was performed for
the data measured by the three testers. A percentage toler-
ance analysis was done, based on the measured values for

3 FF—m

Fig. 3 Possible variations for pairing of mortise and tenon (centre) elements
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each of the three measurements with the following eligibility
criteria:

(a) Error<10%—very good micrometre.

(b) Error between 10 and 30%—acceptance depends on the
context of use.

(c) Error>30%—it is not advisable to accept it, everything
necessary must be followed for correction.

The equations for the curves were determined from Eq. 1,

1 _ (x—m)2

262 (1)

J) =

-e
o\2r

where, o is the standard deviation and m is the mean value.

The following correlations (Eqgs. 2—4) were used to calcu-
late the precision indicators for the percentage of tolerance
for the thickness and the gap width data measured by the
three testers,

2
% E.V.= 100 x (E.V.) . 2)
[(R&R) x (Jointfit)|
2
%A.V. =100 x @.v.) . (3)
[(R&R) x (Jointfit)|
% R&R = (WE.V.) + (%A.V.) 4)

where, E.V. is equipment variation/repeatability (R), A.V. is
appraiser variation/reproducibility (R) and R & R is repeat-
ability and reproducibility. For clarity of understanding and
considering the realistic scope of the article, only one set of
data with its evaluation has been presented on an illustrative
basis and discussed herein.

2.2.4 Compression test

The static compression tests were performed on an Instron
5566 material tester (10,000 N maximum load), which
recorded the maximum force and displacement (sag) dur-
ing the test. The tests were performed on the specimens
(described in Sect. 2.1.2) in accordance with the standard
MSZ EN 310:1999 “Wood-based plates: determination of
bending strength and bending flexibility factor”. The load
was increased at a constant speed throughout the test and
the speed was selected so that the corner joint breaks in
60+ 30 s. The machine was fitted with a “V” slot for the test
in order to prevent slipping in the plane of adhesion, and the
corner joints were inserted as shown in Fig. 4. The applied
crushing load from the top of the specimen and the force
exerted from the specialized fixtures at the bottom of the
Instron tester were along the same vertical axis. The applied

loads and the resulting displacements were recorded along
this vertical axis.

3 Results and discussion
3.1 Analysis of measurement data

In this section, tenon of 31.3x31.3 mm with 20 mm thick-
ness (6-8-6 divisions) and a 0.1 mm tight joint fit has been
elucidated. The tenon thickness and the mortise gap width
values of the manufactured mortise and tenon joints were
measured at five and four points, respectively by each of the
three testers with micrometre accuracy. There was no differ-
ence in the repetition of the measurements and the recording
of the corresponding data. In the report, the data and results
for the tenon are presented first followed by those for the
mortise elements.

The analysis of the measurement data showed the dif-
ferences in the thickness of the tenon as measured by the
three testers due to machining of the tenon elements. It was
observed that the thickness of the tenon elements measured
at various points of measurement differed from the set nomi-
nal value, which implies that the milling operation did not
result in completely uniform or parallel surfaces. The aver-
age tenon thickness data measured by the testers at each of
the five points of measurement are shown in Fig. 5. It can
be stated that the testers 1 and 2 measured average tenon
thickness values close to each other, whereas the tester 3
measured higher values for each point of measurement. Each
tester measured the tenon thickness values for each of the
three repetitions with less than 0.035 mm standard deviation.

Fig.4 Compression test on an Instron material tester
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Fig.5 Average thickness values 8.230
of the tenon measured by the 8220
three testers at each point of '
measurement for specimens — 8.210
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It should be noted that the minimum thickness was
obtained at the 4th point of measurement, where the tool
had a constrained movement in the specimen. On the other
hand, the 2nd, 3rd and 5th points of measurement on the
tenon showed more uniform thickness based on the obtained
data, which is presumably due to the fact that the constrained
movement became less dominant. The second smallest tenon
thickness was measured at the 1st measurement point on the
side of the milling tool entering the wood.

On similar lines, analysis of the gap width data measured
by the three testers at the different measuring points showed
differences in the values due to variation in machining of
the mortise elements. It can be stated that in case of mor-
tise specimens, the gap widths measured in accordance with
the machining direction consistently recorded, differ from
the nominal value. The milling operation did not result in
completely uniform or parallel surfaces for the specimens.
Here, the deviations of around 0.1-0.2 mm were obtained
at the four points of measurement. The deviations between

Fig;.s Afve;age gap width | 8.260 N
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fpTeTenT w0\
£ §
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§ 8.160 §
8.140 \
8.120 §
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the extreme values could have been considerably amplified
with a less proficient milling machine and tool.

The average gap width data measured by the testers at
each of the four points of measurement are shown in Fig. 6.
The tester 3 measured the least gap width values for three
of the measuring points, similar to those measured in case
of tenon elements. In addition, all the three testers measured
the gap widths at each measuring point of the mortise within
a difference of 0.1 mm. Further, the smallest gap width was
obtained for the 2nd point of measurement that was on the
side of the tool entering the specimen. This is due to the fact
that at the beginning of the machining, the specimen led to
constrained movement of the tool and as the tool left, the
constrained movement became less dominant thus leaving a
wider gap. It is clear from the data that the 1st, 3rd and 4th
points of measurement have more uniform but wider gap
widths, which is presumably created by the unconstrained
movement of the tool. On comparing the measurement data
for the joint elements, it can be stated that the data values of

8.231

et
N
N
i

Points of measurement on the mortise

®Testerl #Tester2 =Tester3 @ Average
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the mortise elements showed greater deviation and uncer-
tainty than those of the tenon elements.

The pairing of the two joint elements is an important fea-
ture of a glued structural joint as it has a direct influence on
the load bearing capacity. For the different pairing cases, the
marking of the pairs in the four measuring locations (e.g. in
the first pairing case: 3—1, 1-2, 4-3, 2—4) was such that the
first number belonged to the mortise while the second one
belonged to the tenon, but always in a way that the numbers
corresponding to the tenon were 1-2-3—4. Virtually, the
points of measurement on the tenon were made independ-
ent of the rotation position of the mortise element. Figure 7
shows the density functions of normal distribution curves of
bandwidth + 100 for the first pairing case, determined using
Eq. 1.

To make an informed decision on the optimal pairing
and bonding of the mortise and tenon elements, the data
pairs were examined by a different approach for each tester.
The differences in the matching pairs were extracted from
the mean of the total sample for that pairing and the low-
est value was desired as it would have the least fluctuation
around the average. In this approach, the focus was on cases
where at least two or three of the data pairs belonging to the
four points of measurement were less than a reference value
(0.045 mm) that was determined as a function of the toler-
ance limit (0.1 mm). To determine which tester’s data was
the most relevant for pairing of mortise and tenon elements,
the number of pairing variations in element data pairs was
compared to the reference value for each of the 60 sample
groups examined by each tester. Among all the pairing com-
binations of all the joint specimens, the first pairing case
seemed to be the most ideal case of pairing. Since there
were not enough deviations in the measurement data sets
of the testers, further statistical analysis was performed to

Fig. 7 Density functions of

the measuring locations for the

mortise and tenon specimens,

with a thickness of 0.1 mm, for

the first pairing case
3-1
1-2
4-3

2-4

-0.0300 -0.0200

-0.0100

give information on the adequacy of the applied measure-
ment system.

3.2 Analysis of repeatability and reproducibility
(R &R) test

The percentage of contribution to the total variation of the
influencing factors for the measurement of tenon elements,
and the ratio of the repeatability and reproducibility error
(calculated using Eqs. 2—4) of the measuring system were
examined. For an appropriate measuring system, the degree
of variation of the specimen-to-specimen should ideally be
greater than 90%. The results obtained (Table 2 and Tables
S1-S4 in the Online Resource) for the five points of meas-
urement of the tenon elements unfortunately showed only
“50 to 67%” specimen-to-specimen value, which indicated
poor values due to failure in meeting the proposed design
criteria. From the results, it can be stated that the degree
of specimen-to-specimen variation of the tenon elements is
the most favourable at the 1st point of measurement. This
is probably due to the constrained movement of the milling
tool in the specimen. This variation is similar in magnitude
to that at the 3rd, 4th and 5th point of measurement, and
least at the 2nd point of measurement that is located directly
next to the milling tool entering the specimen.

The percentage of contribution to the total variation of
the influencing factors for the measurement of tolerance of
tenon elements, and the ratio of the repeatability and repro-
ducibility error of the measuring system were also exam-
ined. For an appropriate measuring system, the degree of
tolerance variation of the specimen-to-specimen should
ideally be 99%. It can be stated that the optimally expected
and foreseen +0.1 mm tolerance with the milling machine
and tool applied could be maintained at all five points of
measurement, and could even be tightened by about 20-25%

300

200

100

0

0.0000 0.0100 0.0200 0.0300
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Table2 R & R test of the
measured data at the 1st point
of measurement of the tenon
elements for all the three

Source (Sigma=R-bar/d2)

Variance components: mean=38.18182, R-bar=0.137E — 1
R(xbar)=0.336E—1, R(specimens) =0.129222
Operators: 3, specimens: 60, trials: 3

testers (specimen-to-specimen Estimated sigma Estimated variance % of R & R % of total
variation)
Repeatability 0.008071 0.000065 17.4684 5.7415
Reproducibility 0.017544 0.000308 82.5316 27.1265
Specimen-to-specimen 0.027599 0.000762 67.1320
Combined R & R 0.019311 0.000373 100.0000 32.8680
Total 0.033684 0.001135 100.0000

(Table 3, and Tables S5-S8 in the Online Resource). The
comparison can be seen as a percentage of the total vari-
ation, as well as a percentage of the tolerance range. The
precision of machining, that is, the minimum tolerability is
typical of the ‘element variation’ line.

The values of the thickness measurement data for the 60
tenon elements measured at different points by the three test-
ers in triplicate are depicted in Fig. 8 (refer to Fig. S4-S7 in
the Online Resource). It can be stated that the testers 1 and 2
measured approximately the same average at wider ranges of
fluctuations. On the other hand, tester 3 measured at a higher
average value but at a much narrower range of fluctuations
for each point of measurement, which could be due to the
individual use of the micrometre. Despite the large number
of measurements (540 measurements per tester), only a few
cases showed outbound values resulting from a misalign-
ment of the micrometre. Extreme values that were present
at the same specimen measured by all three testers may be
due to the machining errors.

After analysing the measurement data for the tenon ele-
ments, the data for the mortise elements were analysed to
determine the percentage of contribution to the total vari-
ation of the influencing factors and the ratio of repeatabil-
ity and reproducibility errors of the measuring system. The
results obtained (Table 4, and Tables S9-S11 in the Online
Resource) for the four points of measurement of the mor-
tise elements show better results than those of the tenon

elements, but are still underestimated. In case of mortise
elements, the degree of specimen-to-specimen variation of
about 67% was obtained for the 1st and 2nd point of meas-
urement, while the degree of variation of 85% was obtained
for the 3rd and 4th point of measurement due to constrained
movement of the milling tool in the specimen.

Similarly, the percentage of contribution to the total vari-
ation of the influencing factors for the measurement of toler-
ance of the mortise elements (Table 5, and Tables S12-S14
in the Online Resource) was analysed. It can be stated that
the optimally expected and foreseen +0.1 mm tolerance with
the milling machine and tool applied could be maintained for
all the four points of measurement, and based on the results
obtained at the 1st and 2nd point of measurement, it could
be even tightened in this case, the 4th point of measurement
was expected to exceed the target value.

The values of the gap width measurement data for the 60
mortise elements measured at different points by the three
testers in triplicate are depicted in Fig. 9 (Fig. S8-S10 in
the Online Resource). It can be stated that tester 3 measured
the least fluctuation and the lowest mean, which was also
attributable to the individual use of the micrometre. In spite
of the large number of measurements, a few outliers origi-
nating from machining errors could be seen in some cases.

Table3 R & R test of the measured data at the 1st point of measurement of the tenon elements for all the three testers (given acceptable toler-

ance)

Source (pooled standard deviation)

Percent tolerance analysis: mean=_8.18182, standard deviation=0.342E—1

Operators: 3, specimens: 60, trials: 3

Measurement units

% Process variation

% Total contribution % Tolerence

Repeatability (equipment variation) 0.041926
Reproducibility (appraiser variation) 0.096359
Specimen variation 0.149484
Combined R & R 0.105085
Total process variation 0.182725
Tolerance 0.200000

22.9447 5.2646 20.9628
52.7347 27.8095 48.1797
81.8083 66.9259 74.7421
57.5101 33.0741 52.5426
100.0000 100.0000 91.3625
100.0000
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Fig.8 Graphical representation Repeatability & Reproducibility Summary Plot
of the measured data at the 1st
point of measurement of the
tenon elements with respect to
each of the three testers

No. of Operators: 3
No.of Parts: 60
No. of Trials: 3
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Table4 R & R test of the . Source (Sigma=R-bar/d2) Variance components: mean=8.24413, R-bar=0.256E — 1
measured data at the Ist point R(xbar) = 0.219E—1, R(specimens) =0.123444

of measurement of the mortise Operators: 3, specimens: 60, trials: 3
elements for all the three

testers (specimen-to-specimen Estimated sigma Estimated variance % of R & R % of Total
variation)
Repeatability 0.015115 0.000228 63.7368 21.6852
Reproducibility 0.011401 0.000130 36.2632 12.3378
Specimen-to-specimen 0.026365 0.000695 65.9770
Combined R & R 0.018933 0.000358 100.0000 34.0230
Total 0.032459 0.001054 100.0000

Table5 R & R test of the measured data at the 1** point of measurement of the mortise elements for all the three testers (given acceptable toler-
ance)

Source (pooled standard deviation) Percent tolerance analysis: mean=8.24413, standard deviation=0.439E—1
Operators: 3, specimens: 60, trials: 3

Measurement units % Process variation % Total contribution % Tolerence

Repeatability (equipment variation) 0.079401 50.4850 25.4874 39.7006
Reproducibility (appraiser variation) 0.058702 37.3240 13.9308 29.3510
Specimen variation 0.122415 77.8343 60.5818 61.2076
Combined R & R 0.098744 62.7839 39.4182 49.3722
Total process variation 0.157277 100.0000 100.0000 78.6383
Tolerance 0.200000 100.0000
3.3 Analysis of compression test on the glued mortise and tenon elements. For each of the

five joint fit categories, the data measured by the three
As a proof for validation of the R & R test for optimal joint-  testers were taken into account when pairing the joint ele-

pairing, the compression test measurements were taken  ments. The failure of the investigated bonds was found to
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Fig.9 Graphical representation
of the measured data at the 1st
point of measurement of the
mortise elements with respect to
each of the three testers

Repeatability & Reproducibility Summary Plot
No. of Operators: 3
No.of Parts: 60
No. of Trials:3

Deviation from Average
.
o
N

be fundamentally twofold. In case of double-glued joints,
wherein the surfaces of both the mortise and tenon elements
were glued and bonded with adhesive, the failure occurred
due to the breaking of the tenon (refer to Fig. S11 in the
Online Resource). This indicates that the bonded surface
had a load capacity greater than the specimen compressive
strength of the given thickness. However, in case of sin-
gle-glued joints, where only the surfaces of the tenon were
glued, elongation along the glued surface was observed
(refer to Fig. S12 in the Online Resource).

The Instron material tester graphically recorded the fail-
ure process for each of the joints, as shown in Fig. 10. It can
clearly be seen how the increasing elastic deformation phase
approaches the failure of the joint, which is different from
the linear phase. Subsequently, the curve begins to flatten
and reaches the maximum, before a smaller reduction, the
force drops thus indicating the failure of the material being
tested.

The maximum breaking force and displacement results of
the compression test of the 0.1 mm joint fit for single-glued
joints are graphically illustrated in Fig. 11, whereas those
for double-glued joints are shown in Fig. 12. It is obvious
that higher breaking force and displacement values were
obtained on an average for double-glued joints. There was
no clear connection between the maximum breaking force
and the displacement values of the individually measured
double-glued joints, which could be primarily due to the
anatomical differences in the specimens. Regardless of this,
a trend is observed in the fracture and displacement values
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Fig. 10 Force—deflection diagram recorded by the Instron material
tester

of the tested specimens. In the case of double-glued joints,
an average of 17.6% (180 N) higher breaking force was
obtained as compared to the single-glued joints. The dis-
placements averaged 24% (1.6 mm) higher until the point of
failure for the double-glued joints. The maximum breaking
force was 1210 N and the maximum displacement was found
to be 9.5 mm in the latter case.

Each of the joint fit categories were examined in a similar
way. However, considering the realistic scope of the manu-
script, only data for the 0.1 mm joint fit have been elaborated
above. Figure 13 shows the average of maximum breaking
force versus displacement values for the five joint fit catego-
ries tested for the single-glued joints.
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Similarly, the average breaking force and displacement
values for the five joint fit categories in double-glued joints
are depicted in Fig. 14. It is evident that the trend is similar
to the case of single-glued joints, however, the maximum
breaking force and the mean displacements increased for the
0, 0.1 and 0.2 mm joint fit categories.

Based on the average compressive strengths obtained
with the different joint fit categories, it was concluded that
the 0.1 mm joint fit was the most suited for the tested mor-
tise and tenon elements. It resulted in an average breaking
force of 838 N, which is 20% higher in magnitude than the
average values for the other joint fit categories. The average
displacement values for each joint fit category followed the
trend determined by the average breaking forces. For the
average displacement values, the maximum value for the
0.1 mm joint fit was 5.1 mm. Compared to this, the average
displacement values of the other joint fit categories are less

by 7-10%. For each of the joint fit categories, the break-
ing force—displacement relationships were found to exhibit
a linear relation.

In the fixed joint fit category, the average breaking force
and displacement increased by 26% in magnitude, almost
reaching 920 N, with the corresponding displacement
averaging at 6.2 mm. In the 0.2 mm joint fit category, the
average increase in compressive strength was the great-
est, whereas the increase in displacement was the least.
A nearly 30% increase in breaking force with an average
of 955 N, while 20% increase in displacement averaged at
6 mm was observed. In the 0.1 mm joint fit category, the
breaking force average increased by 17% to 1014 N, while
the positive change in the average displacement was nearly
25%, resulting in an average value of 6.9 mm. When the
mortise and tenon surfaces were both glued together, in
most cases it was found that the failure was not along the
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Fig. 13 Average breaking force
and displacement values for the
five joint fit categories in single-
glued joints
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Fig. 14 Average breaking force
versus displacement values for
the five joint fit categories in
double-glued joints
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glued surfaces but simply the tenons were broken, which
indicated the point of failure of ash wood. Further, the
compressive strength of the produced joint elements was
determined taking into account the cross-sectional dimen-
sions and other geometric dimensions of the examined
joints (refer to Fig. S13 in the Online Resource for illus-
tration). In this context, substituting the average breaking
force and the actual geometric dimensions, a compressive
strength of 117.12 MPa was obtained that exceeded the
literature value (of around 103-105 MPa for ash). If the
geometrical dimensions (especially the thickness of the
tenon) were increased, the magnitude of the compressive
strength could also be increased.
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4 Conclusion

The optimal fitting for pairing of open full-width mortise
and tenon joint elements produced from ash wood were
investigated using statistical analysis for their effect on
the compressive strength of the joint. The characteristics
of the measuring instrument should be thoroughly under-
stood in order to ensure the suitability of the measuring
system for the measurements. The thickness of the mor-
tise and tenon corner joints produced by milling, could
be best characterized by measuring the data at the centre
of the tenon. The gap width of the mortise could be best
characterized by measuring the data on the side of the
tool leaving the wooden specimen. Despite the huge num-
ber of test specimens and measurements, the set joint fit
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categories could be maintained with the milling machine
and tools, barring a few exceptions. The mortise and tenon
joints were found to be the strongest at 0.1 mm joint fit
category among the various joint fit categories tested. The
double-glued joints showed higher breaking force (17.6%)
and displacement (24%) values as compared to the single-
glued joints.
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