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Determining Joint Penetration in GTAW with 
Vision Sensing of Weld Face Geometry 

Real-time determination of joint penetration is made possible by establishing 
the relationship between root-surface width and weld-face geometry 

BY Y. M . Z H A N G , L. W U , B. L. WALCOTT A N D D. H. CHEN 

ABSTRACT. Many studies have been 
conducted into the control of weld joint 
penetration utilizing a weld-face sensor. 
In this paper, a weld-face vision-based 
strategy is presented. The strategy em
ploys a structured-light three-dimen
sional vision sensor to measure the weld-
face geometric parameters of the cross-
section of full joint penetration welds in 
real-time. The principle behind this strat
egy depends on the relationship between 
the root surface weld width and the mea
sured weld-face parameters. In order to 
obtain this relationship, the geometric 
description of the cross-section of full 
penetration welds is studied and a new 
geometric parameter, called the average 
depression depth, is presented. Experi
ments are performed to acquire the data 
for weld-face and root-surface geomet
ric parameters. The experiments are ar
ranged according to the application case 
in order to ensure the validity of the re
sulting relationship. Through statistical 
analysis of the experimental data, a l in
ear relationship is obtained. By this re
lationship, the root-surface weld width 
can be sufficiently represented by the 
weld-face average depression depth. 
Thus, it is feasible to control the full pen
etration state (the root-surface weld 
width) based on the measurement and 
control of the weld-face parameters. 
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Introduction 

Recently, researchers have conducted 
studies to find feasible approaches to 
control the weld penetration for either 
full penetration or partial penetration in
stances, ut i l iz ing a weld-face sensor. 
These works focus primari ly on which 
parameters can sufficiently describe the 
weld penetration state and how those 
parameters can be practically measured 
in real-time. 

The concept of using weld pool mo
tion for pool geometry sensing was pro
posed by Hardt, ef al. (Ref. 1), and 
Richardson, ef al. (Ref. 2). Based upon 
this concept, much research has been 
performed (Refs. 3-6). Hardt (Ref. 5) and 
Sorensor (Ref. 4) have shown through 
theoretical and experimental studies that 
it is not practical to detect the pool shape 
in partial penetration using the concept 
of pool oscillation. Tarn and Hardt (Ref. 
6) demonstrated that multimodes of pool 
oscillation exist. For each of the modes, 
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a distinct oscil lation frequency can be 
assigned. In most cases, for the moving 
pool with an argon arc, the first two pre
dicted peaks in the power spectrum den
sity can be clearly identified. However, 
higher order modes also exist in the 
power spectrum which differ from these 
first two peaks. The proximity of all these 
peaks makes unique identification unre
liable if no other correlating data are 
available. Additionally, Xiao and Ouden 
(Ref. 7) studied the pool oscil lation in 
the case of partial penetration as well as 
full penetration. In the case of full pene
tration, two different modes of oscilla
tion were found and an abrupt transition 
between the two modes was observed. 
We note that this research was per
formed on a stationary welding pool 
rather than a moving pool. 

Hardt and Katz (Ref. 8) utilized reflec
tion ultrasound methods to measure the 
size of the stationary weld pool. Simi
larly, ultrasonic measurements of the 
weld pool were performed at the Idaho 
National Engineering Laboratory (Refs. 
9-1 2). In a recent report, an effort to dis
criminate different geometries of welds 
was presented (Ref. 12). For initial data 
acquisition, the transducer was moved 
parallel to the weld preparation in direct 
alignment with the electrode. However, 
the resulting data were difficult to inter
pret and understand, which was the re
sult of the transducer being fixed. Also, 
this report indicated a more realistic non-
contacting sensor-based system was 
under investigation. 

Studies have been conducted in in
frared sensing of welds as well (Refs. 13, 
14). Recently, Chen and Chin uti l ized 
an infrared sensing technique to mea
sure the welding temperature distribu-
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tion (Ref. 14). Relationships were ob
tained between the bead width as well 
as the depth of joint penetration with re
spect to the characteristics of the tem
perature profiles. Variable currents were 
used to produce the variation in pene
tration. Al l other welding parameters 
were held constant. To ensure the valid
ity of the relationship in closed-loop 
control where many welding parame
ters may vary, varied welding parame
ters seem to be more appropriate for 
conducting the experiments than con
stant welding parameters. 

The authors observed that a skilled 
human welder can obtain adequate in
formation on the full penetration state 
by viewing the weld pool depression. If 
the experience of the skilled human 
welder can be extracted, the informa
tion on the ful l penetration state can 
probably be obtained ut i l iz ing a ma
chine vision approach. However, the 
weld pool depression is difficult to mea
sure in real-time using a weld-face sen
sor. Considering the possible correlation 
between the pool depression and the 
weld depression, the weld-face weld de
pression may be an alternative. Based 
on this concept, a weld-face vision con
trol strategy for full joint penetration is 
presented in our study. 

Principle of Weld-Face Vision Control 

The essence of new weld-face vision 
control strategy for full penetration is 
shown by Fig. 1. The fo l lowing items 
have been performed to realize this 
strategy: 

1) An experimental setup consisting 
of a structured-light three-dimensional 
(3D) vision sensor, a manipulator and a 
welding power supply was completed 
(Ref. 15). 

2) An image processing algorithm was 
developed that processes the weld 
image with laser stripe in order to sup
ply the geometric model (Fig. 1) with the 
desired weld-face geometric parameters 
(Ref. 1 5). 

3) The novel concept of average de
pression depth was introduced. Uti l iz
ing this concept, a simple linear rela
tionship was found between the weld-
face average depression depth and the 
root-surface weld width. This relation
ship produced the geometric model 
shown in Fig. 1. 

4) Dynamic models of the welding 
process were built (Ref. 16). 

5) An adaptive predictive decoupling 
controller was developed based upon 
the dynamic characteristics of the pro
cess, described by the aforementioned 
dynamic model (Ref. 17). 

Set-points Adaptive 
Predictive 
Controller 

I 
Manipulator 

and 
Power Source 

V, i, I 

Welding Process 

Penetration Feedback 

Geometrical 
Model 

Image 
Processing 

I Weld-Face Scene 

3D Vision 
Sensor 

Digital 
Matrix 

V: Torch travel velocity 
i' Welding current 
I Arc length 
P: Weld-face geometry 

Fig. I — Full-penetration weld-face vision-based adaptive control principle. 

6) The validity of both the new strat
egy as well as all of the above items was 
verified by experiments. The experi
ments were performed under practi
cal disturbances of welding conditions 
(Ref. 17). 

In the subsequent discussion, the ge
ometric description of the cross-section 
of full penetration welds is addressed 
first. Then, the relationship between the 
weld-face parameters and the root sur
face weld width (considered to be the 
measurement of ful l penetration state) 
is established employing the experimen
tal data by statistical analysis. Finally, 
the weld-face supervision parameters 
are proposed to be the outputs of our 
control system. 

Geometric Description of 
Weld Cross-Section 

Figure 2A is a picture of a cross-sec
tion of a full joint penetration weld. This 
cross-section can be described by Fig. 
2B where \^~\4 are straight lines associ
ated with the nonmolten workpiece, and 
c^ and c2 are caused by the weld de
pression. In general, the weld-face de
pression depth H, the weld-face weld 
width b, the root-surface depression 
depth H b and the root-surface weld 
width bb are used to describe the cross-
section geometrically. However, when 
the weld-face parameters H and b were 
utilized to describe the root-surface weld 
width bb, no adequate relationship has 
been found. If the weld-face depression 
area S is employed in addit ion, a satis
factory relationship can be achieved. In 
this case, S, H, and b must be simulta
neously adjusted to control b^. Thus, 
a complicated control system wi l l be 
addressed. 

Let us introduce a new geometric pa
rameter, called the average depression 
depth. The weld face average depres
sion depth h is defined as h = S/b. The 
root-surface average depression depth 
hjj can be defined similarly. It w i l l be 
demonstrated that bb can be sufficiently 
represented by just h. Therefore, the 

h=S/b 

Fig. 2 — Cross-section of a full penetration weld. A — picture; B — schematic diagram. 
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average depression depths should be 
chosen as geometric parameters of the 
cross-section of full penetration welds. 
In our study, h, b, hb and bb have been 
selected to characterize the full pene
tration weld (cross-section). 

Experiments 

The primary objective of this paper 
is to determine the relationship between 
b], and the weld-face geometric param
eters. At present, it is nearly impossible 
to exactly obtain this relationship theo
retically due to the problem's complex
ity. Thus, the statistical approaches are 
adopted. 

Data pairs of the weld-face and root-
surface geometric parameters are pro
duced by experiments (rather than sim
ulation) in order to perform the statisti
cal analysis. Since the variation in the 
state of full penetration is caused pri
marily by the perturbations in welding 
conditions during actual welding, the 
relationship must be valid under a wide 
variety of welding conditions. This im
plies the experiments must also be per
formed under a wide variety of welding 
conditions. The fol lowing problems are 
considered: 

1) Root opening: In general, small 
root openings between two thin plates 
to be joined are assumed during actual 
welding. Thus, in our butt joint experi
ments, the natural root openings are fre
quently adopted. Here, natural root 
opening means that the two plates are 
directly placed together without any ad
dit ional machining after the plates are 
cut. In a test piece using the natural root 
opening, the actual opening measure

ment varies between 0 to 0.5 mm, ran
domly. An experiment using gradually 
varying root openings was also com
pleted. 

2) Geometry of the electrode tip: Var
ious electrode tip angles were studied. 
The electrode tip angles varied from 45 
to 60 deg. 

3) Material and dimension of test 
pieces: Stainless steel (18Cr-9Ni-Ti) 
plates 3 mm in thickness with dimen
sions as shown in Fig. 3A are ut i l ized. 
However, a test piece of the same ma
terial wi th the same thickness but d i 
mensions as shown in Fig. 3B is em
ployed to emulate the variation in heat 
transfer condition. 

4) Rate of argon f low: In most exper
iments, the rates are chosen to be 
10L/min, wi th the single exception of 
5L/min. 

Based on the previous consideration, 
five experiments were performed — 
Table 1. The travel velocity of the weld
ing torch was 2 mm/s. Also, in each ex
periment, varying current and arc length 
were utilized. 

The geometric parameters h, b, hb 

and bb are measured off-l ine. In order 

to measure these parameters, a He-Ni 
laser plane, produced by a 2 M W He
Ne laser and a cylindrical lens, is pro
jected on the surface of the test piece to 
produce either the weld-face or the root-
surface curve of the cross-section — Fig. 
2. As a result, a digital weld image (Fig. 
4A) with laser stripe can be obtained by 
a camera and an image interface. The 
image is processed by the fol lowing: 1) 
extracting the medial axis of the laser 
stripe, which can be regarded as the 
thinned laser stripe (Ref. 1 5); 2) recog
nizing the feature points a and b; and 3) 
modeling the medial axis and comput
ing the geometric parameters. The re
sults of the three above steps are illus
trated in Fig. 4 and the corresponding 
details are discussed in Ref. 15. 

Figure 5 shows the measured geo
metrical parameters. The horizontal co
ordinate is the sampling instant. Each 
sampling instant corresponds to a dis
tance of 2 mm along the weld bead. In 
this 2-mm distance, the weld images are 
sampled and processed three times. The 
geometric parameters at each sampling 
instant are the means of the results ob
tained at these three times. 

Table 1 — Experimental Items 

No. 

I 
2 
3 

Welding Conditions 

Natural root opening, butt joint, flow rate 10 L/min 
Natural root opening, butt joint, flow rate 10 L/min 
Natural root opening, butt joint, argon flow rate changes from 10 to 5 

L/min midway 
Varying root opening, butt joint, 10 L/min, root opening varies from 0 to 

0.5 mm gradually 
Bead-on-plate, varying heat transfer condition, flow rate 10 L/min 

83 mm 8 3 m™ 83 mm 

Fig. 3 — Dimensions of the test pieces. A — for butt joint; B — for 
bead-on-plate. 

Fig. 4 — Weld-stripe image processing. A — original image; B — me
dial axis and feature points; C — modeled medial axis. 
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Statistical Analysis 

Let us consider the fo l lowing linear 
model (Ref. 18): 

bb(k)=a0 + £ajXj(k) = £(k) (D 

where k is the sampling instant, cc's 
(j = 0,1 ,...,n) are the model parameters 
to be estimated, n + 1 is the number of 
model parameters, jfo's (j = ],... ,n) are 
the regressive factors, which consist of 
the possible function of the weld-face 
geometric parameters, and |e(k)| is a 
white noise sequence representing the 
modeling error. The following x.- are pro
posed: b, h, bh, b2, h2, b2h2 , Vb, Vh, and 
>/hb. The least squares method (Ref. 1 8) 
is utilized to estimate the parameters cc 
in Equation 1. The procedure of struc
ture determination {i.e., how to choose 
the regressive factors) is based on the F-
test and experience. The final decision 
on the model structure is made on basis 
of the F-test results and on model accu
racy specifications. 

Let 

*(*) = (!.*,(*) XMT (2) 
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Fig. 5 — Measured weld geometric parameters. A — weld-face measurements; B — root-sur
face measurements. 

CD •(X0)>-. X(N)f 

Bb=(bh{\), ...,bh(N))J 

(4) 

(5) 

where N is the sample size. The least-
squares estimate of a is (Ref. 1 8): 

OCLS = (<$>T<&) O ' Bh (6) 

In our statistical analysis, data wi th 
respect to the beginning and ending por
tions of weld path is not considered. Sev
enty data pairs are taken from each test 
piece. Thus, the sample size is 350 {i.e., 
N = 350). 

Initially, models with a single regres
sive factor are estimated as shown below 

Regressive 
Factor 

b 
h 
bh 

o (p 

10.62 

6.232 
6.822 

where cx2 = J/N is the estimate of the 
variance of e (J is the residual squares 
sums) and pixelx = 0.05 mm — Fig. 5. 
It is apparent from the variance of e that 
the regressive factor h is the best choice. 
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For two regressive factors we have 

Regressive a1 (pixel2) 
Factors 

h, b 
h, hb 
b, hb 

6.122 
6.152 

6.102 

In this case, b and hb produce the low
est variance, yet the difference between 
these three models is not readily appar
ent. 

From the standpoint of the F-test, a 
model with two regressive factors is 
preferable to a model with only a single 
regressive factor. However, the differ
ence in a between these two models is 
very small (i.e., only (6.23-6.10) x 0.05 
mm). Thus, the fol lowing model is cho
sen: 

b, =85.81+4.95/ ; 

The variance of the modeling error is 
6.232pixel2

x (0.312 mm2). Figure 6 de
picts the comparison between the val
ues calculated by Equation 7 and the 
measured values of bb- It can be seen 
that the accuracy of Model 7 is excel
lent and that the root-surface weld width 
bb can be represented by the weld-face 
average depression depth. This relation
ship is the basis of the new weld-face 
control strategy of full penetration. 

Discussion 

Root-Surface Average Depression Depth 

If the root-surface average depression 
depth hb is modeled, the result is: 

hb = 9.01 +1.173/; - 0.00611 hb (8) 

where the variance of the modeling error 
is 1.1 52pixel2

y (0.052 mm2) . To show 
the accuracy associated with the Model 
8, the measured and model-calculated 
hb are plotted in Fig. 7. Large errors be
tween the measured value hb and 
model-calculated value hb frequently 
occur. It reveals that the accuracy of 
Model 8 is not adequate. If the data cor
responding to each experiment is used 
to establish a model for the respective 
specific experiment, five individual 
models wi l l be obtained. In Fig. 8, hb 
generated from the five models are i l 
lustrated with the measured hb . It can 
be seen that the accuracies associated 
with the individual models are much im
proved compared with the accuracy of 
Model 8. This reveals that the relation
ship between hb and the weld-face pa
rameters is drastically affected by varia
tions in the welding conditions. In con
trast, the relationship between bb and 
the weld-face geometric parameters is 

far less affected by welding conditions. 
This fact can be observed in Table 2. In 
Table 2, the parameters associated with 
the individual models and their varia
tions are listed, both for bb and hb- It can 
be seen that the parameter standard de
viation to mean ratios corresponding to 
bb models are much less than the ratios 
to hb- Thus, the relationships with re
spect to bb bear less change with vary
ing welding conditions and are, there
fore, more inherent. 

Effect of the Weld-Face Parameters upon 
the Root-Surface Weld Width 

From Equation 7 it is seen that the 
root-surface weld width bb increases 
with the weld-face average depression 
depth h. However, this does not imply 
that the bb is independent of the weld-
face weld width b due to the relation
ship h = S/b. 

If b remains unchanged, an increase 
of h can be caused by an increase of the 

150 

100 

(7) -S" 

50 

0 

bb: measured 

bb: model-calculated 

I I 
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Experiment 2 Experiment 4 

X _L 
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Fig. 6 — Comparison between the measured and model-calculated b^. 
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Fig. 7— Comparison between the measured and model calculated ht,. 

Table 2 — Variation in Parameter Estimates 

Parameters Estimates 

350 

Parameters 

a, 
ai 
bo 
b i 

Exp. 1 

5.80 
0.76 

71 
7.1 

Exp. 2 

8.30 
0.55 

85 
5.9 

Exp. 3 

8.30 
0.48 

85 
5.0 

Exp. 4 

6.00 
0.73 

81 
5.3 

Exp. 5 

7.30 
0.30 

79 
5.4 

Mean 

7.10 
0.57 

80 
5.6 

ff/Mean 

15.0% 
29.3°„ 

6.3% 
12.7% 

Note: hb = a0 + ajh, bb = b0 + b,h; n: Standard deviation. 
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depression area S. In this case, an incre
ment in bb appears to be reasonable. 

If S = hb remains unchanged, a de
crease of h can be caused by an increase 
in b. The degree of the depression w i l l 
be decreased. In this case, a decrease in 
bb seems reasonable. If S increases more 
rapidly than b, bb wil l increase. 

Model Validity 

Generally, the validity of an empiri
cal model established uti l izing experi
mental data is correlated to the experi
mental conditions. If a model is gener
ated based on experiments with a con
stant current, this model w i l l probably 
not be valid under a different value of 
the current or changing current. The ex
perimental conditions involved must 
produce some restrictions on the possi
ble application cases of the model. To 
decrease the restriction caused by the 
experimental condition as much as pos
sible, numerous variations of welding 
parameters should be employed for the 
experiments. However, for a specific 
problem, the fundamental requirements 
on variations of welding parameters can 
be determined by case analysis. In our 
case, the material and plate thickness 
are not changed. Our model in Equation 
7 wi l l be valid for the full penetration 
GTA welding on 3-mm stainless steel 
plates (1 8Cr-9Ni-Ti) even though the 
variations in current, arc length, elec
trode tip angle, rate of gas flow, and root 
opening may exist. 

In our experiments, the variations of 
welding parameters fall into some spe
cific ranges. For example, the variation 
ranges of current and arc length are (105 
A, 135 A) and (1 mm, 5 mm), respec
tively. In our case, full joint penetration 
may not be generated if the current is 
less than 105 A and the arc length is 
larger than 5 mm. Also, the plates may 
be melted through with a current larger 
than 135A and an arc length shorter than 
1 mm. Thus, the corresponding weld ge
ometrical parameters wi l l fall into some 
ranges. When the empirical model is ap
pl ied, the geometrical parameters must 
be within the respective ranges used in 
the model establishment. The distribu
t ion of geometrical parameters em
ployed in model development in this 
study is illustrated in Fig. 9. The experi
mental data is uniformly distributed in 
the area abed. This area covers the 
ranges of possible weld-face weld ge
ometry during closed-loop control of full 
penetration in our study. Thus, our 
model is valid for the closed-loop con
trol of ful l penetration GTA welding, 
which maintains the weld-face weld pa
rameters within small ranges inside the 
area abed to acquire a required root-sur
face weld width. 

Weld Face Supervision Parameters 

From Equation 7, we note that the 
weld-face average depression depth h 
can sufficiently represent the root-sur
face weld width. Thus, the weld-face av
erage depression depth may be chosen 
as the weld-face supervision parameter 
of the full penetration state. However, 
the uniform weld-face weld width b 
should be, in general, obtained during 
actual welding. Accordingly, both the 
weld face average depression depth h 

and the weld-face weld width b should 
be controlled. Therefore, h as well as b 
are chosen to be the weld-face supervi
sion parameters of the full penetration 
state during the actual control. 

Conclusions 

The average depression depth is pro
posed to be a geometric parameter of 
the cross-section of full joint penetration 
welds. A linear relationship exists be
tween the full penetration state (the root 

•3 
S 

5 -

hb: measured 

hb: model-calculated 

Experiment 1 , Experiment 2 i Experiment 3 . Experiment 4 Experiment 5 

70 140 210 280 350 

Fig. 8 — Comparison between the measured and model-calculated hb (individual models). 

b (pixel) 

Fig. 9 — Experimental data distribution. 
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sur face w e l d w i d t h ) a n d the w e l d - f a c e 
average depression dep th . This re la t ion
ship is ob ta ined by statistical analysis o f 
exper imenta l data. The exper iments are 
per fo rmed on stainless steel plates 3 m m 
in thickness using GTA w e l d i n g . In order 
t o ensure the va l id i t y of the re la t ionship, 
t he e x p e r i m e n t s have been a r ranged 
based on the par t icu lar app l i ca t i on . The 
var iance o f the error o f the re la t ionsh ip 
is 0.31 2 m m 2 . 

D u e to the a f o r e m e n t i o n e d re la t ion 
sh ip , the cont ro l o f the root-surface w e l d 
w i d t h m a y be rea l i zed by ad jus t ing the 
w e l d - f a c e average dep ress ion d e p t h . 
Based on th is c o n c e p t , a w e l d - f a c e v i 
s ion con t ro l strategy for the state of fu l l 
p e n e t r a t i o n is d e v e l o p e d . Th is n o v e l 
strategy has been b o t h ve r i f i ed and re
a l ized (Refs. 16, 17). 

Du r i ng actual w e l d i n g , the we ld - face 
w e l d w i d t h needs to be c o n t r o l l e d in 
o rde r to o b t a i n a u n i f o r m w e l d . Thus , 
bo th the w e l d - f a c e average depress ion 
depth and the we ld - face w e l d w i d t h are 
taken as the w e l d - f a c e supe rv i s i on pa 
rameters (outputs) of our fu l l penetrat ion 
cont ro l system. 
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