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DEVELOPMENT OF A METAL 3D PRINTER
USING A 3-UPU PARALLEL MANIPULATOR

This paper explores the potential application of a 3-UPU manipulator as a design
for a metal 3D printer. To determine the working area of the 3-UPU manipulator,
its inverse kinematics were investigated. Using the Denavit-Hartenberg method, the
required lengths of the manipulator’s prismatic pairs were analytically calculated
based on the coordinate system transformation matrices. The obtained results were
verified by numerical methods in MATLAB program and the correctness of analytical
solutions was confirmed. The study showed that the working area of the 3-UPU
manipulator is 800x800x600 mm, which is large enough for metal 3D printers. This
work area gives you the ability to print from small parts to large parts as well as
body parts. The precise positioning and dexterity of the 3-point manipulator ensures
sufficient precision in part production. This working area makes it possible to print
from small parts to large parts as well as body parts. The positioning accuracy and
dexterity of the 3UPU manipulator provides sufficient accuracy in part production.
This accuracy of part fabrication reduces the post-processing time of parts by
machining, resulting in less material consumption for chips and wear of cutting tools.

This research work can provide a scientific basis to enable the 3-UPU arm to be
used in metal 3D printers. Future research following this work is planned to explore
issues such as improving the dynamic model of the manipulator and increasing its
efficiency by optimizing control algorithms.

Keywords: 3-UPU manipulator, additive manufacturing, working area, metal
3D printer, inverse kinematic.

Introduction

In recent decades, additive manufacturing has revolutionized production and
engineering processes by enabling the fabrication of complex geometries with minimal
time and cost requirements [1-3]. Despite its numerous advantages, traditional 3D
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printers are limited by their constrained workspace and accuracy, making them less
suitable for tasks that demand higher precision and larger build volumes [4-6].

Parallel manipulators, particularly the 3UPU configuration, have emerged as
promising solutions to address these challenges by offering superior accuracy and an
extended workspace [7-8]. Investigating the kinematic and dynamic properties of 3UPU
manipulators is essential for their effective integration into practical manufacturing
applications [9-11]. Accurate modeling of the manipulator’s workspace and adapting
it for 3D printing have become significant areas of interest in current research [12].

Additionally, the application of metal-based additive manufacturing, which demands
high precision and stability, further underscores the necessity of employing advanced
robotic systems like the 3UPU manipulator [13—14]. This paper explores the use of
the 3UPU manipulator to drive a 3D printer’s print head along a predefined trajectory.
The inverse kinematics of the manipulator is calculated to evaluate its workspace and
adaptability to additive manufacturing tasks. These findings aim to contribute to the
advancement of 3D printing technology, particularly in the context of high-precision
and large-scale applications [15].

Materials and methods

Inverse kinematics of a 3-UPU parallel manipulator

A parallel manipulator (PM) 3-UPU (where U stands for universal and P for
prismatic kinematic pairs) consists of a triangular fixed base 4, 4, 4, (Fig. 1), a moving
platform, and three closed kinematic chains (legs) of the UPU type, which connect the
moving platform to the fixed base. The absolute coordinate system 0,.X,,Y, Z, is attached
to the center of the three universal joints 4,4, 4;, located on the fixed base, while the
local coordinate system PUVW is fixed at the center of the universal joints connecting
the legs to the moving platform and moves along with it.

As stated in [16], this parallel manipulator (PM) has three translational degrees of
freedom, meaning that the moving platform of the manipulator will move parallel to
the base along the three axes of the absolute coordinate system O, XY, Z,, .

U joint, with 2DOFs

l P joint, with IDOF

U joint, with 2DOFs
4
1

Figure 1 — Kinematic diagram of the 3-UPU PM
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To solve the inverse kinematics problem of the PM, the position of the moving
platform in space is given, after which the positions of the active prismatic kinematic
pairs S, (i=1,2,3) are computed. The closure equations of the vector loops for this
manipulator are defined as follows

OyP+Ph; =0(A, ; +B, .. (1)

Fig.2 shows the vectors that are included in equation (1) for one leg of the PM, with
the others being defined in a similar manner.

Figure 2 — Closure equations of the vector loops for the 3-UPU PM

In solving the inverse kinematics problem, the left-hand side of equation (1) is given,
while the right-hand side is determined by constructing homogeneous transformation
matrices of Denavit-Hartenberg [17], which include all the constant and variable
parameters of the PM. Both sides of the vector equation (1) define the coordinates of
the centers of the universal joints attached to the moving platform.

The left-hand side of the vector equations (1) is defined through the relationship
between the absolute Oy XY, Z, and local PUVw coordinate systems as follows

x5 [110101x, |[Ug
e -
Y. 0l1101 7Y, ||V
Bl = __E___i___i__f_ T ’i = l’ 2’ 3, (2)
ZBi O:OLILZP WBi
1 0lo0tol o |1

where U, .V, .Wp — the coordinates of the points ; in the local coordinate system PUVW.
Are determined as follows

VBi e sin(é’i)
il e e ,¢&; =072,1207,240°. 3)
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To determine the right-hand side of the vector equation (1), we construct the
following homogeneous transformation matrices from the absolute coordinate system

0,X,YyZ, to the local coordinate system Oy i Xy V424,
1) Oy X YyZy - O X112,

cosﬁi !0! sin 6 !rAcosé’
sin 0 i 0 i —cos @ i rysind, 0 o Y
Ty, =| —-*- i tmdoot ,i=1,2,3,6,=0°,120°,240°.
oL o 11l 0 1 o0 ' )
“““ [ A Bl
0 i 0 i 0 i 1
2) 0,X,\Y,Z, 5 0,X,Y,Z,
Toz,i = Tor,/ iz (5)
where
_ | _
cosgy ;| —sin P ! 0 ! 0
—_————a 2 [ R -
. I I I
sing,. 1 cose, . 1010
Ty, = ————1—’——5——————1’—’——5———5—— ,i=1,2,3. (6)
0 I 0 I l I O
T T T
0 | 0 ! 0 ! 1
3) 0,X,Y,Zy - 0, X;Y,Z,
Tos3; = To2,i T2z (7
where
0101110
U I I
h | 1101010 )
Bottiotolf
T
0 i 0 i 0 i 1
3)0 X525 5 O, X Y, Z,
Toq,; =To3, T34, )
where
r | | | N
CoS @, ; I —sin P, : 0 : S1 oS @, ;
——————— e g
sin @, , i oS @, EO i Sysing, ;|
T34,i = --—--- -: ————————— :———:— ————————— ,i=1,2,3. (10)
0 | 0 1 0
““““ I P
0 I 0 101 1
L | | | n
From the matrix Ty, , the coordinates of the universal joints are determined as follows
Xz To
Y. | |0
L= Ty, ;. 11
25 | |0 34, (11)
1 1

From equation (11), taking into account equations (2), the coordinates of the center
of the moving platform can be determined as follows
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Xp =r-cosf; +S; -sinb; -sing,. - S; - cosb); - cosp,, -sing,;,
Yp =r-sin; - S; - cosb; -sing,, - S; -sind; -cosp,, - sing, ;, (12)

Zp=15; - COSQy; - COSPy.,

where r=r,—r,, r,,r, the distances from the centers to the vertices of the base and the
movable platform, which have a triangular shape, S, the input parameters of the stroke
of the linear actuators, #;;-¢»; the angles of the passive universal joints attached to the
base, which determine the orientation of the three legs of the PM.

Numerical examples of solving the inverse kinematics problem

The following constant parameters are given:
r, =400, r, =200, X p =100, Yp =100, Zp =500, 6, =0°, 6, =120°, 6; =240°. A program was
developed that automatically selects the solutions to the equations (16), (17), and (18)
for the correct determination of the positions of the PM.

Results and discussion

By adding the first and second equations of the system (12), after multiplying them
by cosf; and sind,, respectively, we obtain

Xp -sing; =Y, -cos; = S, -sing,,(13)
The system of equations (12) is rewritten in the following form
Xp—r-cost; -S; -sinb; -sing,, = -S; -cos; -cosp,, -sing,;,
Yp —r-sind; +5; - cost; -sing,, = -S; -sinb; - cosp,, -sing;, (14)
Zp =5;-COSQ;; - COSP,;.
From the sum of the squares of the three equations of the system (14), taking into
account the equations (13), we obtaigl )
S7-(2-sin“g,, —1)=2-(Xp -sinf; — Ypcos6,;)” + (15)
PP Xp Yy +Zp—2-r+(Xp sind; — Yy -cosf,) = 0
From the equations (13), we determine sing,;, and substituting this into the equations
(15), we obtain a single equation with one unknown S, After some straightforward
transformations, we obtain the following solutions

S, =t P2+ X2 +Y2+Z2~2-r-(X p-cosO, ~ V) sind,). (16)

In this problem, the movable platform is positioned in the positive direction of the
Z,-axis, so only positive values of S, will be used for the calculations.
Solving the equations (13) for the variables ¢,,, we obtain the following two solutions

. [ Xp-sinf. —Y, -cosO; . [ Xp-sinf. —Y, -cosO.
(pzl_(l):arcsm[ L lS. L ’J,q)zl.(z):n—arcsm{ P lS‘ P ’]. (17)

1 1

Solving the third equation of the system (14) for the variable #;, we obtain the
following solutions

Z Z
@1i(1) = Tarccos [S—P} @1j(2) = —arccos [—P] (18)

; *COSP,; S; - co8p,;
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In solving the inverse kinematics problem of the parallel robot, the position is
specified, i.e., the coordinates of the center of the moving platformx .Y, .Z, , while the
coordinates of the passive universal joints X, v, ., Z . attached to the movable platform
are determined by the equations (2). Based on the equations (16), (17), and (18), the
variable parameters ¢};.¢,;.5; are determined, as well as the positions of all the moving
links. This is how the workspace of a metal 3D printer is defined.

Numerical examples of solving the inverse kinematics problem

The results of numerical methods of problem solving show the reliability of the data
obtained analytically. Fig. 3 shows the assembled manipulator based on the solution of
the inverse kinematics problem.

Based on the inverse kinematics problem, the workspace of the PM was determined.
The values of x,, v, were varied from -400 to 400 with a step of 50, and z, was varied
from 0 to 600 with a step of 50. Additionally, constraints were set on the minimum and
maximum values of the input parameters S; (100 <S; <500)

600

500 -
500 4

400

400 +

Z
S 300 o

200 200 4

100 + 100 4

0 -

400

-200

X Y X

Figure 3 — Solution of the inverse kinematics problem and the workspace

Thus the working area of the 3D printer was defined as 800x800x600 mm. Which
is large enough for 3D printers printing metal materials. And also found the geometric
parameters of the 3upu manipulator, which is the design of the metal 3D printer.

Financing information

This research has been funded by the Science Committee of the Ministry of Science
and Higher Education of the Republic of Kazakhstan (Grant No. AP19679253 — Research
and design of a multifunctional mobile metal 3D printer)

Conclusions

This study investigated the feasibility of using the 3-UPU manipulator as a
design of a metal 3D printer. Specifically, the potential of the 3-UPU manipulator’s
movable platform, which has three degrees of freedom, to guide the print head along
a preprogrammed digital trajectory for metal additive manufacturing was explored.
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Since one of the most critical characteristics of a 3D printer is its workspace, this study
focused on determining the workspace of the 3-UPU manipulator.

To achieve this, the inverse kinematics problem of the manipulator was solved. The
manipulator’s motion characteristics were analyzed using an analytical approach based
on vector loop equations. The Denavit-Hartenberg method was employed to calculate
the required lengths of the manipulator’s prismatic joints (P) through transformation
matrices between coordinate systems. This approach enabled precise determination of
the manipulator’s geometric parameters.

The analytical results were verified using numerical methods in MATLAB. The
numerical validation confirmed the accuracy of the analytical calculations. Based on
the geometric parameters of the manipulator, its workspace was determined to be
800x800x600 mm. This workspace is significantly large for metal 3D printers and
allows for the production of a wide range of parts.

The findings of this study demonstrate the suitability of the 3-UPU manipulator
for use in 3D printing applications, particularly for metal additive manufacturing.
Future research should focus on improving the dynamic model of the manipulator and
optimizing its control algorithms to further enhance its performance and reliability in
industrial applications.
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3-UPU HAPAJIVIEJIb MAHUITYJIATOPBIH METAJLJI
3D IIPUHTEPI PETIHJE KOJIIAHY I1bl 93IPJIEY

byn maxanadoa 3D memann npummepiniy xoucmpykyuscel peminde 3UPU
napauneis  MAHunyJIsmopulH  KONOAHy —MyMKiHOIel — Kapacmeipvliadsl. 3UPU
MAHUNYSAMOPBIHbIY ACYMbIC AUMASLIH AHLIKMAY YUWIH OHbIH Kepi KUHeMAMmUKAacyl
sepmmendi. [enasum-Xapmenbepe 90icin Koadana Omulpwin, KOOPOUHAMMAD
JACylleciH  mypreHOIpy Mampuyaniapvl HeciziHoe MAaHUnyIsmopobly NPUsMAaiblK
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AHCYNMAPLIHBIY  KAXCEMMI  Y3bIHOBIKIAPLl  AHATUMUKATLIK, mypoe ecenmeneo.
Anvinzan  nomuoicenep  MATLAB — Oaz0apramacvinoa  camovly — o90icmepmeH
meKcepinoi Jcone aHATUMUKATBIK Weuimoepoiy Oypblcmblabl pacmanovl. 3epmmey
xepcemkenoetl, 3UPU manunynsmopoinwiy scymoic aiimazvl 800x800x600 mm, oyn
memann 3D npunmepnep ywin aumaprvikmai yaken 0onvin maowiiaovl. Mynoai
ACYMBIC aliMazvl wasvii Oonuekmepoer yaKen boauexmepee, COHOAl-aK, KOPnyc
bomuexmepine dellin bacvin wvleapyea Mymxinoix 6epedi. 3UPU manunynsimopuiHvly
nozuyusiiany 0ondiei men enminiei Oonumexmepoi Hcacayobly HCemKILiKmi 0o10i2iH
Kammamacwlz emeoi. Bynoai O0ondiknen Oomuexkmepdi oHOipy Oomuexmepdi 3D
bacnadan Ketlinei oyoey yaKblmvlH A3atmaovl, Oy Kecy KypaioapblHvlly Mo3ybl MeH
JHcanKaea Kememin Mamepuaroap WelblHbll a3aimaoul.

byn sepmmey ocymvicor 3-UPU manunynsimopvin memann 3D npunmepnepoe
KOJOaHy2a MYMKIHOIK Oepemin eblibiMu He2i30l KamMmamacwvls eme aniaovi. byn
aHcymvlcman  Keuinei Oonawax sepmmeyiepoe MAHUNYIAMOPOblY OUHAMUKATIBIK
MOOeNIH diceminoipy dcone backapy aneopummoepin OHMAllaHObIPy aApKblibl OHbIH
MmuimMoiniein apmmaolpy cekinoi mocenenep zepmmenedi 0en HOCHaApIaHyod.

Kinmmi ce30ep: 3UPU manunynsimop, adoumusmi 6HOIPIC, HCYMblC alimaesl,
memann 3D npunmepi, kepi Kunemamuxa.
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PABPABOTKA METAJIVIMYECKOI'O 3D-IIPUHTEPA C
HNCITIOJIb30BAHUEM ITAPAJVIEJIBHOI'O MAHUITYJIATOPA 3-UPU

B oaunoii  cmamve  paccmampusaemcs — 803MONCHOCMb — NPUMEHEHUs
manunyasmopa 3UPU 6 kauecmae KoHCmMpyKyuu 015 Memaniuyeckoz2o 3D-npunmepa.
Jlna onpedenenus paboueti 30muvt manunyasmopa 3UPU oOviia uccredogana ezo
obpamnuas xunemamuxa. C nomowpio memooa Jlenasuma-Xapmenbepea Ha 0cHOge
mMampuy npeoopas0sanus Cucmemvbl KOOPOUHAT AHATUMUYECKU PACCYUMAansl
HeoOXo0uMble  ONUHBL  NPUSMAMUYECKUX nap manunyasmopa. Ilomyuennvie
pe3yrvmamul ObLIU NPOGEPEeHbl YUCIeHHVIMU Memodamu & npozpavme MATLAB
U NOOMEePIHCOeHa KOPPEKMHOCb —aHanumuyeckux pewenutl. Hccnedosanue
nokasano, umo pabouas 30na manunyismopa 3UPU cocmasnsem 800x800x600 mm,
umo 0oCcmamouro Oonvuiol 0si memaniuveckux 3D-npunmepos. Takas pabouas
30HA daem 803MONCHOCHb NeYamams 0m MAieHbKux oemaiei 00 6onbuux demanetl,
a maxoice xopnycuvix oemaneu. Tounocms nosuyuonuposanue u asoskocms 3SUPU
Manunyasmopa obecnedugaem 00CMAMOUHYI0 MOUYHOCHb U320MOGAEHUs 0emaell.
Takas moynocms u320moeieHue Oemanell YMeHbUulaenm 6pems Nnocmoopabomxu
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demaneil MeXanuweckou o00pabomkou, UYmo npUGOOUm YMEHbUICHUIO) DACX00
Mamepuanos Ha CMpYsHCKY U USHOC PEHCYUWUX UHCPYMEHNOS.

DOma uccnedoeamenvckas paboma modcem obecneyums HAYYHYI0 OCHOBY,
nO3ONAOWYIO  UCNOAb306amb  Manunyasmop — 3-UPU 6  memaninuyeckux
3D-npunmepax. Ilnanupyemcs, umo 6 OyOywux uccie008aHusx nocie 3motl
pabomul 6y0ym u3yueHvl maxKue 60NPoOCyl, KAK COBEPUIEHCMBOBAHUE OUHAMUYECKOUL
MOOeNU MAHURYISMOPA U NOGbIULEHUE €20 IPDEKMUSHOCMU 3a CHem ONMUMUZAYUU
AneOPUMMO8 YNPAGLEHUS.

Koueesvie cnosa: 3UPU manunynsamop, adoumusHoe npou3eo0cmeo, pabodas
30Ha, memannuyeckuti 3D-npunmep, obpamuas KUHeMamuxa.
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