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FURobot: A software control platform for construction robots 
for large-scale construction

LU Ming， Philip F. YUAN
(College of Architecture and Urban Planning, Tongji University, Shanghai 200092, P. R. China)

Abstract: The advent of parametric design has resulted in a marked increase in the complexity of building. 
Unfortunately, traditional construction methods make it difficult to meet the needs. Therefore, construction 
robots have become a pivotal production tool in this context. Since the arm span of a single robot usually does 
not exceed 3 meters, it is not competent for producing large-scale building components. Accordingly, the 
extension of the robot,s working range is often achieved by external axes. Nevertheless, the coupling control of 
external axes and robots and their kinematic solution have become key challenges. The primary technical 
difficulties include customized construction robots, automatic solutions for external axes, fixed axis joints, and 
specific motion mode control. This paper proposes solutions to these difficulties, introduces the relevant basic 
concepts and algorithms in detail, and encapsulates these robotics principles and algorithm processes into the 
Grasshopper plug-in commonly used by architects to form the FURobot software platform. This platform 
effectively solves the above problems, lowers the threshold for architects, and improves production efficiency. 
The effectiveness of the algorithm and software in this paper is verified through simulation experiments.
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FURobot：面向大尺度建造的建筑机器人
软件控制平台
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摘 要：随着参数化设计的兴起，建筑构件的复杂性不断增加，传统的建造方法难以满足需求，在

此背景下，建筑机器人成为重要的生产工具。由于单个机器人的臂展通常不超过 3 m，无法胜任大

尺度建筑构件的生产任务，因此，常通过外部轴来扩展机器人的工作范围。然而外部轴与机器人

的耦合控制及其运动学解算成了关键挑战，主要技术难点包括：定制化建筑机器人、自动求解外部

轴、固定轴关节以及特定的运动模式控制。提出针对这些难点的解决方案，详细介绍相关的基本

概念和算法，并将这些机器人学原理与算法流程封装到建筑师常用的 Grasshopper 插件中，形成

FURobot 软件平台。该平台不仅有效解决了上述问题，还降低了建筑师的使用门槛，提升了生产

效率。最后，通过仿真试验验证了算法和软件的有效性。
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1　Introduction

The concept of mass customization originated in 
the 1970s with the aim of improving the efficiency of 
mass production.  However, due to the different 
shapes of construction components, it is impossible 
to rely on traditional molds for production.  Upon en⁃
tering the 1980s, CAD(Computer-Aided Design) 
was gradually applied to the field of architectural de⁃
sign[1].  Notably, irregular and personalized design 
needs promoted the development of customized build⁃
ing components.  CNC(Computer Numerical Con⁃
trol ) machine tools and laser cutting technology were 
introduced from the manufacturing industry to the 
construction field[2], technically solving the problem 
of mass-customized production.  However, due to 
the lagging level of automation and information con⁃
struction, the actual realization of mass-customized 
construction is still in the conceptual stage[3].  Recent⁃
ly, industrial robots have been gradually applied to 
the production line of customized components, dra⁃
matically improving the flexibility and adaptability of 
the processing process.  Moreover, it made the facto⁃
ry production of non-standard components possible 
and promoted the application of intelligent construc⁃
tion equipment in on-site construction[4].
1. 1　Features of construction robots

We call intelligent equipment related to con⁃
struction work construction robots.  Construction ro⁃
bots for mass-customized component production have 
the following characteristics:

(1)　Large stroke
The primary demand of the construction indus⁃

try is to develop building components.  The size of 
these components is usually between 1 meter and 10 
meters, so the robot is required to have an extensive 
range of motion.  Typically, a robot arm is used to 
process the components, and the choice of robot arm 
should be adjusted according to the size of the compo⁃
nent.  Since the arm span of most robots does not 
exceed 3 meters, monorail external axes or mobile 
robots are often used in larger construction tasks to 
extend the working range[5].

(2)　Heavy load
Construction robots are usually equipped with 

corresponding end-effectors at their ends when per⁃

forming different processes[6].  Even the smallest plas⁃
tic printing end-effector weighs about 10 kg, while 
the end-effector of a concrete printing robot usually 
weighs about 20 kg.  Additionally, the robot itself 
usually weighs between 1 and 2 tons.  Therefore, its 
external axis tracks must be able to carry heavy 
loads.

(3)　High precision
In the production of large-scale components, the 

accuracy requirement is usually plus or minus 0. 5 
mm.  That is, the error must be controlled within 
1 mm.  Especially in the field of wood processing[7-8], 
the accuracy requirements of mortise and tenon struc⁃
tures are more stringent.

This paper focuses on how to better control the 
movement of construction robots under large strokes.
1. 2　External axis equipment

External axes are widely used in the production 
of customized mass-produced building components 
(Fig. 1).  Compared with mobile platform robots, 
external axes have higher operating and positioning 
accuracy.  The robot can also be fixed on the external 
axis in different installation poses, such as upside-

down or horizontal installation.  Thus, the combina⁃
tion of industrial robots and external axes is often 
used to produce large-scale prefabricated building 
parts, such as curved facade panels for 3D printed 
buildings, customized furniture, curved wooden 
beams for subtractive processing, and the construc⁃
tion of curved brick walls[9] and concrete 3D printed 
beams[10].

Mobile robots have also been widely used in 
fields such as bricklaying and wooden construc⁃
tion[11].  Mobile robots have a larger range of motion 
and broader applicability than external axis devices.  
They are also particularly suitable for use in construc⁃
tion sites with complex terrain.  However, the stabili⁃
ty and accuracy of mobile robots are not as ideal as 
those of external axes.  Usually, mobile platforms 
need to be equipped with motion capture positioning 
systems and SLAM(Simultaneous Localization and 
Mapping) algorithms to ensure their positioning accu⁃
racy.

By using monorail external axes or gantry exter⁃
nal axes, robots can print building components and 
entire buildings[12].  The size and number of external 
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axes required will also vary depending on the con⁃
struction site.  Similar to external axes, the principle 
of the mobile platform is to expand its range of mo⁃
tion by changing the robot’s root coordinate frame 
position.

After the robot hardware is ready, the building 
components designed by the architect (such as facade 
wall panels or curved wooden beams, etc. ) must be 
generated into robot executable programs through 
software.  Finally, the robot should process the prod⁃
uct to complete the process.  The whole process is 
shown in Fig. 2

2　Related work

The simulation and offline program generation 
software was called construction robot control soft⁃
ware, which combined automation technology, ro⁃
botics, and architectural knowledge to manage and 
control construction robot operations.  At present, ro⁃
bot software control platforms are mainly divided into 
two categories: original platform and general robot 

platform.
Original platforms, such as ABB RobotStudio 

and KUKA SimPro, provide the most complete 
support for their brand.  General robot platforms, 
such as RoboDK, although supporting a variety of 
robot types, usually only offer basic functions.

To fill the gap between this software and the 
needs of architectural designers, software for archi⁃
tects has emerged, such as KUKA|prc[13], Robots, 
and Machina[14].  Notably, these tools enable archi⁃
tects to complete most construction tasks efficiently.  
They also generate motion instructions that robots 
can execute through the building component models 
and customized process flows provided by the archi⁃
tects.  These instructions can drive the robot in an of⁃
fline program or real-time control mode.  At present, 
the mainstream construction robot control software 
includes KUKA|prc and HAL.

Most existing software does not integrate pro⁃
cess packages.  Thus, architects often need to create 
Grasshopper files from scratch to complete the 
robot’s motion path, which is a time-consuming and 
complicated task for architects[15].  Due to the disci⁃
plinary background of architects, the principles of 
robotics often become an obstacle to using these 
devices.  As such, FURobot[16] solves this problem 
by integrating commonly used process packages and 
programming the methods introduced in this article, 
which are applicable to almost all construction pro⁃
cesses.

The differences between the software are listed 
in table 1.

Fig. 1　The gantry external axis system for batch prefabricated components (Shanghai FabUnion Technology Co., Ltd., 2015)

Fig. 2　Building components from design to construction
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2. 1　Difficulties in robot simulation
From the above construction workflow, the soft⁃

ware simulation and program file generation stages 
face the following difficulties:

(1)　Quickly establish the series structure
The URDF(Unified Robot Description Format) 

and DH(Devavit-Hartenberg) [17] parameter were used 
to define robot kinematic models.  However, these 
have a high threshold for architects to use.  From the 
production tasks of mass-customized building compo⁃
nents, there are many combinations of external axes 
and robotic arms, including single-axis, multi-axis, 
rotary external axes, and linear track external axes.  
In this case, architects need to build Grasshopper 
components for each external axis configuration for 
motion simulation.

(2)　Solving for external axis motion
When using external axes to produce large build⁃

ing components, writing offline programs to control 
the movement of robots is one of the most time-con⁃
suming steps for architects.  Currently, the software 
available on the market cannot automatically generate 
motion programs for external axes, and architects 
need to set them manually.  This manual setting 
makes it challenging to ensure continuous and 
smooth movement of external axes and may cause 
instantaneous acceleration or deceleration.  Conse⁃
quently, this increases labor costs and may cause 
damage to equipment.

(3)　Lock the robot or external axis joints
During use, the user may need to fix the joint of 

a certain external axis at a certain value to reduce the 
movement of the external axis.  In addition, the user 
may need to lock a robot arm joint.  For example, 
they may fix the specific position of the external axis 
during certain operations to avoid collisions.

(4)　Adapt to different task requirements
Different tasks have different requirements for 

the TCP(Tool Center Point) target frame.  For exam ⁃
ple, in bricklaying tasks, the bricks need to be placed 
in the exact target pose in addition to reaching the tar⁃
get position.  In wood milling, only the position and 
orientation of the milling cutter need to be aligned.  If 
all poses are still required to be fully aligned, it will 
cause unnecessary joint movements and add unneces⁃
sary complexity.

The research direction of this paper focuses on 
how to generate motion paths that are more suitable 
for construct component processing.  Importantly, 
this research is at the intersection of robotics and spe⁃
cific component processing technology.  A more opti⁃
mized motion path is a common requirement for most 
processes, but most of the current building robot con⁃
trol software for mass-customized components is 
lacking.

3　Twist-based methods

The existing software platform divides external 
axes and robot joints into two categories.  The robot 
joints can be solved by inverse kinematics.  At the 
same time, the movement of the external axes 
requires the user to manually set it under specific 
instructions (such as linear instructions).  Finally, it 
can perform forward kinematics simulation through 
simple linear interpolation.  Note that this method 
cannot achieve the automatic solution of external axis 
motion.

This paper first adopts the kinematic iterative 
solution method based on the twist[18-20].  The iterative 
solution has the following advantages: (1) It can solve 
any serial structure’s forward and inverse kinematics 
problems; (2) Modifying the Jacobian matrix can flexi⁃
bly achieve target control, which is challenging in an 
analytical solution.  We combined the external axis 
with the industrial robot into a multi-axis serial 
robot.  We used the iterative IK(inverse kinematics) 

Table 1　Existing robotic arm programming software

Name
KUKA|prc

HAL
FURobot

Robots
Machina

Robot-Components

Obstacle avoiding

Has

Communication
KUKA

KUKA/ABB/UR

KUKA/ABB/UR
ABB

Tech.  package

Hot-wire
FDM/Spatial structure/Timber/Fiber

Robot brand
KUKA

KUKA/ABB/UR/Staubli/Fanuc
KUKA/ABB/UR/Step/Fanuc/Staubli
KUKA/ABB/UR/Staubli/Frank Emika

KUKA/ABB/UR
ABB

4



第  5 期 陆明，等：FURobot：面向大尺度建造的建筑机器人软件控制平台

method to obtain all robot and external axis joint val⁃
ues.  By improving the Jacobian matrix in the itera⁃
tive algorithm, the locking of specific joints was 
achieved, and the target TCP(tool center coordinate 
plane) was aligned according to different task require⁃
ments.  Finally, this method successfully solves the 
problem of solving external axis motion.

Before introducing the method in detail, this ar⁃
ticle will briefly introduce the relevant basic concepts.
3. 1　Basic concepts of robot kinematics

This article defines the robot joints by using 
rotation.  The use of rotation does not require the 
robot, s joint coordinate frame to be set in advance, 
making it easier to define the robot, s joints.  The 
most basic robot joints are revolute joints and linear 
joints[21].  Furthermore, industrial robots are general⁃
ly composed of revolute joints, and external axes are 
usually composed of translation joints.

Whether rotating or moving a joint, it can be 
described by a screw V, where ω represents the 
angular velocity of the rotational joint (rad/s), and v 
is the velocity of the virtual point that coincides with 
the origin of the reference coordinate frame {s} in the 
reference coordinate frame {s} when the rotational 
joint rotates (m/s).

ω= [ωx,ωy,ωz ] T
 , (1)

v= [ vx,vy,vz ] T
, (2)

V=[ ω,v ]T (3)
(1)　Prismatic joint
Because it is a linear motion, ω is [0,0,0] T, 

and v represents the unit vector of the linear motion 
joint.  For example, v =[1,0,0] T represents a joint 
moving along the x-axis.

(2)　Revolute joint
ω represents the angular velocity of the revolute 

joint, and v is the velocity of a virtual point in the 
reference coordinate frame {s} that coincides with the 
origin of the reference coordinate frame {s} when the 
revolute joint rotates.  For example, defining a single-

track external axis and a 6-axis robot requires a total 
of 7 joints.  In addition to defining the robot joints, 
you also need to define the robot,s root coordinates, 
flange coordinate frame, and end-effector coordinate 
frame.

(3)　Root coordinate frame
The root coordinate frame determines the posi⁃

tion and pose of the entire robot in space[22].  When 
merging robots, you need to set the root coordinates 
for all except the first to the world coordinate frame.

(4)　Flange coordinate frame
The flange coordinate frame is the coordinate 

frame on the end joint of the robot when all joint val⁃
ues are zero.  It is described relative to the world co⁃
ordinate frame.  The origin of this coordinate frame is 
generally the center point of the flange face connected 
to the end effector.

(5)　End-effector coordinate frame
The coordinate frame of the end-effector is de⁃

scribed relative to the flange coordinate frame.
3. 2　Connecting external axes to the robot

Before connecting multiple robots in series to 
form a new single robot, it is necessary to perform a 
rigid body transformation on the rods of all robots ex⁃
cept the first one.  The goal is to place the combined 
robot in the new correct position.  Starting from the 
second robot, all its links need to implement the rigid 
body transformation T 01. T 01 is the rigid body transfor⁃
mation from the base of the first robot to its flange co⁃
ordinate frame.  Furthermore, T 12 is the rigid body 
transformation from the base of the second robot to 
its flange coordinate frame, and so on.

In addition to the robot links, all joints except 
the first robot need to be transformed.  For example, 
the first joint rotation of the second robot is V 1.  
Through the adjoint matrix A d (T 01), a new joint 
screw V '1 is generated.

V '1 = A d (T 01)V 1 (4)

T 01 = é

ë
ê
êê
ê ù

û
úúúú

R p

0 1
,R ∈ SO3,p∈ R3 (5)

Where SO3 is a special orthogonal group in three 
dimensions.  R3 is the vector space of three real 
values.  The definition of the adjoint matrix is

A d (T 01)=  
é

ë

ê
êê
ê
ê
ê ù

û

ú
úú
úR 0

[ ]p R R
(6)

Where R is the rotation matrix, p is the displacement 
vector, and [ p ] is the skew-symmetric matrix of p.  
In this way, all joints of the robot that are to be 
combined can be transformed into the same world 
coordinate frame for description.

In addition to joints and links, each robot has a 
fixed base.  The base is the only part of all parts that 
does not move with the joints.  When connecting 
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multiple robots, the robot, s flange part and the next 
robot,s fixed base are combined into one.

Each robot has a flange coordinate frame at its 
end, which is calculated by formula (7).

T flange = T flange1T flange2…T flangeN (7)
All flange coordinate frames are merged into the 

final robot flange coordinate frame T flange.
3. 3　Classification of positioner

A positioner is a two-degree-of-freedom fixture 
that can rotate horizontally and vertically (such as 
KUKA DKP-400) and is usually used to cooperate 
with robots for milling operations.  In general, a posi⁃
tioner is also an external axis device.  However, in 
FURobot, all robots are currently serial structure ro⁃
bots.  Through the combined external axes, their 
movement will affect the other robots or be affected 
by the movement of different robots.  Consequently, 
the movement of the external axis will directly affect 
the end position of the robot.  However, the position⁃
er is not affected by the robot, s movement, and the 
positioner, s movement will not affect other robots.  
Therefore, in this case, the positioner is classified as 
an independent robot in the FURobot, not an exter⁃
nal axis device.
3. 4　Inverse kinematics solution

Inverse kinematics is usually solved by analyti⁃
cal solution or numerical iteration.  The analytical so⁃
lution is more commonly used for mature industrial 6-

axis robots.  Its advantages are fast calculation speed 
and accurate results.  Its disadvantage is that it needs 
to find a solution formula[23].  As long as the robot 
structure changes, the formula needs to be re-de⁃
rived.  The advantage of the numerical iteration meth⁃
od is that it can be solved on a serial robot of any 
structure.  The disadvantage is that the speed is 
slightly slower.  Since this study is aimed at general 
serial structure robots, it is impossible to obtain the 
kinematic analytical solution of each robot structure.  
Thus, the numerical iteration method is selected for 
a solution, usually using the Newton-Raphson meth⁃
od.

dt= J-1
b ( t ) dx (8)

Where dt is the increment of the joint value calculated 
after each iteration, Jb is the body Jacobian matrix of the 
robot (with the end-effector as the reference frame).  dx 
is the difference between the target pose and the current 
pose of the robot end (described in a twist).

Since we define the joint using the spatial Jacobi⁃
an matrix (with the world coordinate frame as the ref⁃
erence frame) instead of the body Jacobian, consider⁃
ing the transformation T root of the base coordinate 
frame (i. e.  the root coordinate frame), we get the 
columns J si of the Jacobian of the joint velocity to the 
spatial velocity in the world coordinate frame.

J si = A d (  T root e[ ]S1 θ1…e( )[ ]S i- 1 θ i- 1)  S i (9)

Here J si is the i-th column of the spatial Jacobian, S i 
is the twisted form of the i-th joint, and θi is the 
value of the i-th joint.  We calculate the spatial 
Jacobian and convert it to the body Jacobian:

Jb = A d (T b
s ) J s (10)

Where T b
s  represents the rigid body transformation 

from the robot, s end (flange or end-effector) coordi⁃
nate frame to the robot,s root coordinate frame at the 
current robot joint values.

Substituting Jb in formula (8) yields

dt= (A d (T b
s ) J s)-1

dx (11)
The above method can also be used to obtain 

the increment of joint value and perform iterative 
calculations.

A singular pose is a pose of the robot when the 
value of the determinant of the Jacobian of the robot 
is close to 0.  When the robot reaches this pose or is 
close to this pose, the Newton-Raphson method can⁃
not guarantee convergence[24].  Therefore, we use 
two methods to improve it:

(1)　Segmented approximation solution
When the robot executes a straight-line instruc⁃

tion, the robot often reaches a singular pose during 
the entire operation, especially a long-distance 
straight-line instruction.  We use the dichotomy meth⁃
od to find the non-convergent point near the singular 
pose, the closest and convergent pose to this pose, 
and calculate the inverse kinematics solution.  In⁃
creasing the sampling points can ensure the stability 
of the numerical iteration.  In contrast, the position 
that will not produce divergence is skipped in the nu⁃
merical iterative calculation to improve the calcula⁃
tion efficiency.

(2)　More stable methods
For example, the LM(Levenberg-Marquardt) 

method[25] can be improved.  After testing, the LM 
method can significantly improve the stability and 
accuracy of numerical calculations.
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3. 5　Fixed joint values
In some cases, fixing a joint axis in a specific po⁃

sition is necessary while allowing other joints to con⁃
tinue to move.  For example, the robot is usually 
placed on a monorail external axis when printing 
large building components.  In this case, it is com⁃
mon to move the robot to a specific position on the 
external axis and then fix the position of the external 
axis before starting printing.  Doing so may avoid er⁃
rors and jitter caused by the movement of the exter⁃
nal axis.  Notably, the way to achieve a fixed exter⁃
nal axis is to move the external axis to the predeter⁃
mined position and then perform an inverse kinemat⁃
ics solution on the robot.  However, the limitation of 
this method is that the movement of the external axis 
must be determined manually, reducing the work effi⁃
ciency.  Furthermore, this method cannot fix the ro⁃
bot joints (not the external axis), limiting the flexibili⁃
ty of operation.

Since this paper uses a numerical iteration meth⁃
od to solve inverse kinematics, when a joint value 
needs to be fixed (such as a moving joint of an exter⁃
nal axis), it can be achieved by modifying the Jacobi⁃
an of the robot.  Specifically, all the Jacobian matrix 
column elements corresponding to the “fixed joint” 
were set to 0.  This is because the i-th column of the 
Jacobian matrix represents the mapping of the i-th 
joint velocity to the spatial velocity.  If all the ele⁃
ments in this column are 0, it means that the joint no 
longer contributes to the overall spatial velocity.  Us⁃
ing this modified Jacobian, the value of the i-th joint 
will remain unchanged during the iterative process of 
solving inverse kinematics, thereby achieving joint 
fixation.

For example, for a 6-axis robot, the third joint 
can be fixed by setting the third column of its Jacobi⁃
an matrix to 0 and keeping the other columns un⁃
changed.

J=  

é

ë

ê

ê

ê

ê
êêê
ê

ê

ê

ê

ê ù

û

ú

ú

ú

ú
úú
ú

ú

ú

új11 j12 0 … j16

j21 j22 0 … j26

… … … … …
j61 j62 0 … j66

(12)

Therefore, the effect of controlling the joint 
motion range can also be achieved by scaling the 
values of the columns of the Jacobian matrix.

3. 6　Align end-effector mode
When printing large building components and 

tilting is required, the end-effector of the 6-axis robot 
does not need to be wholly aligned with the target 
frame.  It is only necessary to ensure that the normal 
of the end-effector is aligned with a specified axis of 
the target frame (Fig.  3).  This not only simplifies 
motion control but also reduces unnecessary rotation 
adjustments while improving printing efficiency.

The above alignment requirements can be 
achieved by modifying the inverse or pseudo-inverse 
of the Jacobian.  For example, in a printing task, if 
the normal direction of the end-effector is aligned 
with the x-axis of the TCP coordinate frame and the 
normal vector of the target frame is also defined as 
the x-axis direction, we first calculate the Jacobian.  
When it is necessary to maintain the position and on⁃
ly align the normal vector, the corresponding screw 
velocity row needs to be set to zero.  For example, 
when the normal direction is the x-axis, set the first 
row of the Jacobian matrix to zero; if the normal di⁃
rection is the y-axis, set the second row to zero; if 
the normal direction is the z-axis, set the third row to 
zero.  If only the position needs to be aligned, set all 
the first three rows of the Jacobian matrix to zero.

J=  

é

ë

ê

ê

ê

ê

ê

ê

ê
êê
ê
ê

ê

ê

ê

ê

ê
ù

û

ú

ú

ú

ú

ú

ú
úú
ú

ú

ú

ú

ú

ú0 0 0 … 0
0 0 0 … 0
0 0 0 … 0

… … … … …
j51 j52 j53 … j56

j61 j62 j63 … j66

(13)

When using the Newton-Raphson method, it is 
sometimes necessary to calculate the pseudo-inverse 
of the Jacobian, or you can directly set the corre⁃
sponding columns in the pseudo-inverse to zero[26].  

Fig. 3　Most woodworking operations only require 
aligning the normal of the end-effector frame with the 

normal of the target frame
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For example, when the normal direction is the x-ax⁃
is, set the first column of the pseudo-inverse to zero; 
if the normal direction is the y-axis, set the second 
column to zero; when the normal direction is the z-ax⁃
is, set the third column to zero.

During the production of building components 
by a robotic arm, the coordinate frame of the end-

effector does not have to be completely aligned with 
the target frame.  This is especially true in additive 
and subtractive applications such as 3D printing and 
wood processing, which are usually sufficient to align 
a particular axis (such as the normal of the end-

effector).  As shown in Fig.  4, position alignment 
can be selected when there is no strict requirement 
for the pose.  This method reduces the range of 
motion of the robot joints and increases the redundant 
degrees of freedom, which can better realize the 
obstacle avoidance function.

4　External axis experiment

We tested the above method using the FURobot 
software and performed a simple simulation motion 
demonstration by integrating a monorail external axis 

and a 6-axis robot.
In this example, we used the KUKA 6-axis 

robot KR6-R900 for demonstration.  The KR6-R900 
robot component has already been built into FURo⁃
bot.  Thus, there is no need to re-customize the 
robot.

Since the robot is connected to the external axis 
to form a series structure, we used the robot series 
function of FURobot to combine the monorail 
external axis with the 6-axis robot.  The creation of 
the external axis is similar to that of the custom 
robot.  We also used the preset component to create 
the external axis, as shown in Fig 5.

External axes can be set to free motion or fixed 
to a specific value.  As shown in Fig 6, when joint 1 
(i. e. , the single-track external axis) is set to a fixed 
value of 0, the linear motion of the external axis is 
locked.  In contrast, if joint 1 is set to NaN(Not a 
Number), which means that its position limitation is 

not restricted, the joint of the external axis will 
automatically calculate the appropriate position based 
on the target frame.

Similarly, other joint values (including rotation⁃
al joints) can be locked.  Since locking a joint reduces 
the degree of freedom, verifying that the inverse kine⁃

（a） Full 
alignment

（b） Normal 
alignment only

（c） Position
alignment only

Fig. 4　Three alignment modes

Note: External axis rail group: Defining external axes; Command group: Define the list of instructions that the robot needs to complete; Simulation 
group: Simulate robot motion and generate offline programs.

Fig. 5　FURobot combines external axes with 6-axis KUKA robots
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matics solution still meets the requirements is neces⁃
sary.

We define the external axis joint and specify its 
velocity, which defaults to 1 m/s.  This velocity 
value affects the robot Jacobian, which in turn affects 
the inverse kinematics solution through iterative 
calculations.  Notably, the larger the velocity, the 
greater the impact on the end velocity when the robot 
moves at unit velocity on this joint.  When the 
velocity value is large, the iterative algorithm 

increases this joint,s motion due to the high velocity, 
and the optimization algorithm tends to prioritize 
adjusting more effective joint values.

It can be clearly seen in Fig. 6 that when the 
speed is 0. 5 m/s, the movement range of the single 
track outer axis is significantly smaller than when the 
speed is 1 m/s.  Similarly, changing the speed of 
other joints also affected their movement range.  
With this function, we can effectively limit the range 
of motion of the joints.

In addition, by adjusting the alignment mode of 
the end-effector coordinate frame and the target 
coordinate frame, the overall movement range of the 
robot can be further reduced or increased.

5　Conclusion and outlook

This paper introduces the complete workflow of 

construction robot design and processing and discuss⁃
es the relevant technical difficulties.  These difficul⁃
ties include defining robot joints in a simulation envi⁃
ronment, assembling robots, and the basic principles 
of kinematic iterative solutions.  In response to these 
challenges, this paper introduces in detail the meth⁃
ods of path generation in different motion modes, as 

Notes: (a) indicates that the value of the external axis is fixed, and in automatic mode; (b) the value of the external axis is 
not locked (set to NaN as shown in the figure); (c) in automatic mode, the speed of the linear joint is scaled to reduce (set to 
0.5 as shown in the figure) or increase the movement amplitude of the linear joint; (d) the joint motion range is set on the 
linear motion joint of the external axis. When the range is exceeded, the joint is fixed at the maximum or minimum value as 
in the method of adjusting the Jacobian matrix in this paper. In doing so, the robot can move strictly within the joint setting 
range.

Fig. 6　Lock mode
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well as the principles and techniques of how to lock 
joint values and adjust the range of joint motion.  The 
generation process of robot motion programs is sim ⁃
plified through these methods, and the effects that 
other software cannot achieve are also achieved.  
This platform can help architects quickly control con⁃
struction robots to process building components be⁃
cause there is no need to specify external axes, signif⁃
icantly improving manual work efficiency.  Simultane⁃
ously, the new kinematic algorithm reduces the 
range of motion of robot joints, making the robot mo⁃
tion smoother.  Likewise, because this software plat⁃
form is based on Grasshopper and Rhino, it is more 
friendly to architectural designers.  Thus, the above 
functions are of practical significance for large-scale 
external axis robots in construction sites.

Finally, we demonstrated the effect of the algo⁃
rithm in a simulation environment through the self-de⁃
veloped FURobot robot software platform.

Looking to the future, research can further com ⁃
bine mobile platform robot technology, such as 
wheeled robots and drones, for the construction of an 
extensive range of building components.  These mo⁃
bile platforms can also provide greater freedom of 
movement, especially in complex and large-scale 
construction tasks.  By combining fixed robots with 
mobile platforms, future construction robot systems 
will be able to respond to on-site environments more 
flexibly and expand their scope of application.  As 
such, this will push the construction industry,s auto⁃
mation and intelligence level to a new level.
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