
ORIGINAL ARTICLE

Industrial robotic machining: a review

Wei Ji1 & Lihui Wang1

Received: 28 August 2018 /Accepted: 29 January 2019 /Published online: 3 April 2019

Abstract

For the past three decades, robotic machining has attracted a large amount of research interest owning to the benefit of cost

efficiency, high flexibility and multi-functionality of industrial robot. Covering articles published on the subjects of robotic

machining in the past 30 years or so; this paper aims to provide an up-to-date review of robotic machining research works, a

critical analysis of publications that publish the research works, and an understanding of the future directions in the field. The

research works are organised into two operation categories, low material removal rate (MRR) and high MRR, according their

machining properties, and the research topics are reviewed and highlighted separately. Then, a set of statistical analysis is carried

out in terms of published years and countries. Towards an applicable robotic machining, the future trends and key research points

are identified at the end of this paper.
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1 Introduction

The future manufacturing is characterised by high

customisation. Here, machining is one of the most important

processes from raw materials to final products in manufactur-

ing industries [1]. Currently, CNC machine tool is a majority

performing machining operations, since they are able to deliv-

er higher machining accuracy with high stability [2]; however,

simultaneously, their costs are high and their functions are

single. Therefore, a multi-function and low-cost machine is a

trend to replace the current machine tools, e.g. industrial robot

(IR) could be a potential one. During the past 30 years, the

applications of IRs are dramatically increased. According to

the report of International Federation of Robotics [3], the

number between 2011 and 2016 was raised to 212,000 units,

compared with the average annual number of robots sold be-

tween 2005 and 2008, about 115,000 units, which is an 84%

increment, and the estimated number in 2020 is 520,900 units.

IRs are generally applied to performing tasks including pick

and place, welding, painting, packaging and labelling,

palletizing, and product inspection, towards industrial auto-

mation. The research on robotic machining was proposed first

to replace the human operators on a shop floor in 1987 by

Appleton and Williams [4], in which a serial of robot applica-

tions including drilling, grinding and deburring were

presented.

The major problems limiting application of robotic ma-

chining are related to material removal rate (MRR) of the

machining operations. (1) In low-MRR operations, mass pro-

gramming work caused by the flexibility of IRs is a major

weakness since the IRs are supposed to replace human oper-

ators; while (2) low machining quality caused by the low

stiffness of IRs is the major drawbacks in high-MRR machin-

ing operations, since the operations are carried out in machine

tools in conventional environments. To solve the problems,

there have been numerous research publications as well as

technical reports for more than three decades. It is also evident

that the trend of robotic machining research has also under-

gone drastic changes. To the best of the authors, there has not

been a comprehensive review on robot machining; therefore,

the aim of this article is to provide a comprehensive review on

robotic machining. The remainder of paper is organised as

follows: Sect. 2 introduces the review papers on robotic ma-

chining and gives overall research topics of robot machining.

Section 3 is a main section describing various technologies

developed or implemented after proposing robotic machining

* Wei Ji

1 KTH Royal Institute of Technology, 100 44 Stockholm, Sweden

The International Journal of Advanced Manufacturing Technology (2019) 103:1239–1255

https://doi.org/10.1007/s00170-019-03403-z

# The Author(s) 2019

http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-019-03403-z&domain=pdf
http://orcid.org/0000-0002-9642-6983


concept. Recap on research topics and a set of statistical anal-

ysis are presented in Sect. 4. Section 5 concludes this paper.

2 Previous reviews and major research topics
of robotic machining

Robotic machining generally refers to soft materials and hard

materials. Soft material machining was employed in rapid

prototyping by IRs [3–14], in which machining quality re-

quirement is not as critical as hard material machining. And,

this paper only presents robotic machining of hard materials.

Also, parallel machine was proposed as an alternative of ma-

chine tools to overcome the cumulative error of conventional

machine tool structure, of which flexibility is not as high as

IR. Therefore, these two parts are not included.

2.1 Previous review papers

So far, there are six reported review papers on robot machin-

ing including two journal articles and four conference papers.

In 2011, Pandremenos et al. [15] reviewed machining with

robots in terms of accuracy issue, chatter, calibration and pro-

gramming. However, there were limited publications at that

moment (about 75% publications reported after 2012, as

shown in Sect. 4.3). In 2013, Chen and Dong [16] reviewed

robot machining: recent development and future research is-

sues; they highlighted robot-machining efficiency analysis,

stiffness map–based path planning, robotic arm link optimiza-

tion, planning and scheduling for a line of machining robots.

Karim and Verl [17] investigated the challenges in robot ma-

chining. Their results showed that the major problems are

insufficient rigidity, poor accuracy and complex program-

ming. In 2015, Bo et al. [18] reviewed robot in finished from

control strategy point of view. From their analysis, impedance

control and adaptive impedance control might be a solution in

robot-machining application. In the same year, Iglesias et al.

[19] reviewed the status and potential of robot machining, and

emphasised that the positioning accuracy as well as the trajec-

tory accuracy, which includes dynamic effects. Yuan et al. [20]

reviewed machining chatter, and they highlighted that mode

coupling effect should be considered, and the chatter model

was simplified.

2.2 Major research topics

The problems are associated with the machining operations.

Human like operation is a major direction for low-MRR op-

erations referring to deburring, polishing and grinding; there-

fore, the major research involves sensor-based detection and

high flexibility (Sect. 3.1). The high-MRR operations, drilling

and milling, of which the requirements of machining quality

are relatively high, challenge the robot stiffness, therefore,

vibration suppression is a core research topic. To archive a

qualified machining, robotic machining dynamics (robot

stiffness and machining chatter in Sects. 3.2.1 and 3.2.2) are

the keys. Robotic machining configurations are introduced in

terms of the placement relationship between spindle and robot

end effector (EE) (Sect. 3.3). The most challenging one is the

most flexible configuration, spindle mounted on EE; there-

fore, the research works on that are presented, including tra-

jectory planning (Sect. 3.4), machining process (Sect. 3.5),

machining quality (Sect. 3.6), monitoring and compensation

(Sect. 3.7), and other aspects (Sect. 3.8).

3 Current research status

3.1 Low-MRR operations

Sensor-based monitoring and online control were focused on

towards a human-like operation of robotic low-MRR machin-

ing, since robotic machining was introduced to replace human

operators [4]. Izumi et al. [21] proposed a method by which

grinding robots were taught the contour information of work-

piece surface. In their work, grinding torque and force were used

to calculate the coordinates of the points of contour. Muto and

Shimokura [22] developed a contact sensing-based approach to

teach and control contour-tracking tasks in robot grinding. In

their method, the force and velocity information on the contact

point were detected and used. Similarly, Jinno et al. [23] pro-

posed a force control method in which a force/torque sensor was

mounted between robot EE and tool to increase the stability in

grinding, chamfering and polishing. Their method enabled the

tool to follow the workpiece shape under a relatively consistent

force. Surdilovic et al. [24] proposed a comprehensive planning

and a real-time control approach for robotic grinding and

polishing. In their method, path governor function was devel-

oped to address non-linear effects of robot joint friction.

Villagrossi et al. [25] proposed a control strategy to copy a

human-like operation based on force feedback in deburring of

hard material. In their method, the nominal deburring trajectory

was adjusted and deformedmaking multiple repetitions until the

nominal deburring path was completed. Domroes et al. [26]

proposed a force control strategy employed in a force sensor

mounted between robot arm EE and spindle. By considering

configurations, robotic belt grinding was focused on. Chen

et al. [27] developed two degrees of freedom (DoF) contact force

control method for robotic blisk grinding, which provided a

reference for grinding path generation. The method could avoid

over-ground area on the blisk. Ding et al. [28] proposed a meth-

od combining force feedback and generated trajectory, in which

an adaptive proportional–integral control algorithm was devel-

oped to guarantee to evaluate the stiffness of polishing system

and to adjust the relevant parameters. The method could im-

prove polished surface qualities experimentally.
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Machining quality was another important topic on top of an

archived human-like operation. Leali et al. [29] developed an

offline programming method for robot deburring of aerospace

components. In their research, costs and times, learning easi-

ness, production downtimes and machining accuracy were

compared in two programming methods which can perform

the machining with in the required tolerances. Rafieiana et al.

[30] researched regenerative instability of impact-cutting mate-

rial removal in the grinding process performed to improve

grinding quality. Their results showed that a stable grinding

was delivered. Liu et al. [31] proposed a robotic polishing sys-

temwhich was equipped with a special designed polish spindle.

Their experimental results demonstrated their robotic polishing

system performed well by producing a sharp tool influence

function. Xie et al. [32] developed an active contact flange

which is mounted between EE and grinding spindle. A set of

experiments was carried out, of which result showed that the

surface roughness was improved compared with manual oper-

ation. Sufian et al. [33] focused on the quality and the accuracy

of size and form in robot grinding. Their results showed that the

low robot speed could improve the repeatability in terms of the

indexes. Due to high stability of robotic belt grinding, the grind-

ing quality has been focused on. Li et al. [34] proposed a 3D

shape matching of a blade surface in robotic grinding including

robot handle the blade, and grind tools were fixed. In their

method, a laser scanner was used to obtain the shape of the

blade, which helps to improve grinding accuracy. Under the

similar setups, Mao et al. [35] considered the trajectory gener-

ation by material removal perspective in robot grinding. Their

method could be used to obtain a higher accuracy. A search-

based collision-free planning algorithm was developed for

grinding welt grinding to deliver a stable robotic grinding

[36]. Yan et al. [37] proposed a grinding force model consisting

of sliding, ploughing and cutting components, especially the

effects of cut-in and cut-off of grinding process. Their results

showed that a proper combination of process parameters could

archive a relatively stabile machining, and a Ra 0.4-μm surface

roughness. In addition, an automatic fixture was developed to

aid the robotic deburring for large aircraft components [38].

A high-flexibility vision of robotic machining was targeted

associated with robot arm, moveable platform and sensors, in

which plenty of hardware and software are integrated together.

Therefore, research on manufacturing system, automatic pro-

gramming and communication interface were carried out re-

cently. Huang et al. [39] developed a robotic system for

repairing of 3D profile turbine vane airfoil. In the system,

grinding and polishing were the two operations. Ricardo

et al. [40] proposed a novel approach of automatic program-

ming, in which the model of product, process and resource

were considered, as well as DoFs of robot, deburring process

and trajectory generation to reduce the deburring errors. In an

EU project, COROMA (https://www.coroma-project.eu/),

robot arm was proposed mounted on a moveable platform to

perform machining tasks, which extends the robot application

range on a shop floor. In this case, the research trends to

software engineering side. On top of COROMA, an

architecture was proposed to address the communication

issues between hardware, software and human operators [41]

, which provides an easy way for robot relevant operations. A

new concept with an even higher flexibility is proposed by

combining holon concept with cyber physical system [42], in

which robotic machining operation could be reconfigured

according to the upcoming tasks. In addition, a 3D vision

system to detect workpiece for robotic grinding system was

developed by Diao et al. [43] to enhance the function of

robotic machining system.

In general, integration technology is a foundation of the

modern robotic machining for low-MRR operations to guar-

antee the machining system to work robustly and safely,

which is a key to decide applicability of a system. On top of

that, a close loop control is another key referring to both a

sensor-based detection and an intelligent decision-making

which rely on a comprehensive understanding of the machin-

ing process.

3.2 Robotic machining dynamics

Robotic machining stability is closely related to robot stiffness

and machining vibration which are reviewed in this section.

3.2.1 Robot stiffness

Low stiffness is a major drawback for high-MRR operations,

e.g. robotic milling and drilling. Robot stiffness refers to ab-

solute stiffness and relative stiffness. The absolute stiffness

can be improved by robot component improvement and con-

trol parameter optimisation, while the relative stiffness is

workpiece placement and posture.

Control parameters are easily adjusted in a real-time way.

Katic and Vukobratovic [44, 45] proposed a robot dynamic–

based approach to optimise control parameters. In their method,

the control parameters were determined according to dynamic

environment and robot uncertainties based on a trained neural

classifier. Stiffness modelling and real-time deformation com-

pensation were combined by Zhang et al. [46]. Their results

showed that a high productivity and a good surface accuracy

could be archived. Dumas et al. [47] developed an approach to

identify joint stiffness for any six-revolute IRs by considering

both translational and rotational displacements of the robot EE

for a given applied wrench (force and torque). In addition, robot

components have been studied to enhance robot stiffness.

Denkena et al. [48] proposed a special design and optimisation

for machining application to improve the IR stiffness. Their

designed two-axis robot was equipped with torque motors with

load-sided high-resolution encoders in addition to conventional

gear motors with harmonic drive gearboxes. The research on
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the robot components has not been reported in terms of im-

provement of machining application.

In robot workspace, robot stiffness partially relies on EE

operation position, workpiece placement and postures. Caro

et al. [49–51] proposed a workpiece placement optimisation

approach in robotic machining by considering cutting condi-

tion and robot stiffness. The method worked well for a higher

kinematic redundancy of robot. Garnier et al. [52] proposed a

machining quality criterion including geometrical error and

productivity to optimise the workpiece placement and the ki-

nematic redundancy of the robot. Klimchik et al. [53, 54]

tested a set of the parameters of robot machining by consider-

ing the circularity index evaluating. In their work, the work-

piece placement, workspace size, required accuracy and pay-

load were able to be taken in account. In addition, Subrin et al.

[55] introduced a performance criteria to evaluate in a kine-

matical redundant robotic cell dedicated to a machining task.

In their evaluation, the constraints of the machining processes,

geometrical model and the kinematic model of robot arm are

considered to be defined the optimised location for a rotary

table and to analyse stiffness of manipulator.

Robot posture and workpiece placement are closely related

to each other, and one fixed factor provides a constraint on the

other one. A set of performance evaluation indexes were pro-

posed by Lin et al. [56] to optimise the robot posture. The

indexes involve kinematic performance index, body stiffness

index and deformation evaluation index, as shown in Fig. 1,

and the method was used to obtain a feasibility of the pro-

posed performance evaluation indexes. By considering the

displacement of the three points of EE, Xiong et al. [57] pro-

posed a stiffness-based pose optimisation. The method could

be integrated into CAD/CAM software to convert a CNC

programme into a robot programme. Xie et al. [58] presented

a joint parameter error and robot stiffness-based posture opti-

misation in robotic milling. Within their method, the position

of robot base frame and the rotation angle of tool at each cutter

location (CL) point were used as redundant freedoms to ex-

tend optimal solution space. Mousavi et al. [59, 60] developed

a multi-body dynamic model of a serial robot based on beam

elements, of which parameters, beam element geometry, elas-

ticity and damping, were adjusted based on experiments. In

addition, tool centre point (TCP) and cutting tool direction

were focused on towards a high-stiffness posture. Karim

et al. [61] presented a detailed experimental modal analysis

within robot workspace in machining, of which results dem-

onstrated that high TCP positions tend to change the main

oscillation direction, and linear interpolation for

eigenfrequencies was recognised as unsuitable for some parts

of the workspace. Cutting tool direction was optimised by Bu

et al. [62]. In their method, a Cartesian compliance model of

robot stiffness was developed, together with a quantitative

evaluation index of processing performance. The experimen-

tal results showed that a higher accuracy of the countersink

depth and hole axial direction could be guaranteed.

For the IR point-of-view, control parameter optimisation

and robot component design are the major research points to

enhance robot stiffness. Workpiece placement and robot pos-

ture are related to robot stiffness closely in terms of relative

stiffness of IR.

3.2.2 Machining vibration

Machining vibration is a quite important topic for robotics

machining since it is a major source of the vibration. Pan

et al. [63] analysed the chatter in robotic machining process

for the first time. Their results demonstrated that mode cou-

pling chatter might happen, if the robot structure stiffness was

not significantly higher than process stiffness. Then, by con-

sidering robot structure and identifying its parameters, Abele

et al. [64] developed a model of the system stiffness and fo-

cused on its behaviour in milling process. With the informa-

tion on the captured process forces and the compliance model,

the tool path can be controlled and the accuracy of an IR for

machining application can therefore be increased. A structural

dynamics of an articulated manipulator with a spindle and a

tool was modelled by Cordes et al. [65], of which predicted

Fig. 1 Concept of COmponents

and METhods for adaptive

control of industrial rob7ots

(http://www.comet-project.eu/)
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stability chart (predicted stability chart for an aluminium mill-

ing shown in Fig. 2) was experimentally validated. Their re-

sults showed that pose-dependent modes of robot structure

were at low frequencies, and damped out by the machining

process at high spindle speeds. Additionally, towards a real-

time monitoring, a chatter prediction based on signal process-

ing in time domain for robot milling process was developed

by Safi et al. [66]. Their simulation results showed that the

chatter limit of robotic machining was drastically influenced

by changing robotic machining configuration.

Damping was employed in robotic machining to reduce

machining vibration and to avoid machining chatter. A

drive-based damping for robotic machining with secondary

encoders was presented by Vieler et al. [67], which was im-

plemented in feed drives successfully. Their results demon-

strated that the stability in robotic machining could be ensured

through the optimization of the robot configurations, without

changing the cutting parameters. To suppress the machining

chatter, Yuan et al. [68, 69] developed a semi-active

magnetorheological elastomers absorber mounted on tool

handle. Their results demonstrated that a great amount of chat-

ter severity was absorbed, and surface roughness was im-

proved from 30% to nearly 50%.

In summary, machining chatter is a hard and important

topic in robotic machining due to low stiffness caused low

productivity. In terms of avoidance of machining chatter, ad-

ditional damping methods could provide a good way, as a

short-term development of robotic machining; however,

targeting a stable robotic machining, a comprehensive under-

standing on robotic machining system could be a long-term

strategy.

3.3 Robotic machining configurations

In general, there are three reported configurations for robotic

machining, C1: a robot is used to handle workpiece, and the

spindle is fixed [70]; C2: a special equipment including spin-

dle is mounted on robot arm, and workpiece is fixed [71]; and

C3: a spindle is mounted on robot arm, and the workpiece is

fixed. The comparison between the above configurations is

shown in Table 1, in terms of stability and flexibility of the

configurations, allowed workpiece size, allowed operations

and achievable machining qualities.

In general, the stability of C1 and C2 is higher, and their

flexibilities are lower, compared with C3. In terms of work-

piece size, under C1, only small workpiece can be handled

due to payload limitation, whereas C2 and C3 do not limit

workpiece size. Multi-operations can be performed under C1

and C3, whereas, only single operation, drilling, can be per-

formed under C2. The high qualities can be archived under C1

and C2 which have relatively high stiffnesses; however, the

one under C3 is low.

3.3.1 Fixed spindle in robotic machining (C1)

The setup, the fixed spindle with robot handling workpiece,

was first designed and proposed by Puzik et al. [70, 72]. Based

on the concept, Olofsson et al. [73] developed a set of models

of the construction which is experimentally identified using

subspace-based identification methods. By using the method,

a subsequent control scheme, utilising state feedback for con-

trolling the position of the spindle, is outlined. The research

was supported by an EU/FP7-project: COMET (http://www.

Fig. 2 A robot boring system

with a pressure [71]

Table 1 Application property

comparison of configurations 1–3

of robotic machining

Configurations of robotic

machining

Application properties

Stability Flexibility Workpiece

size

Allowed

operations

Machining

quality

C1 High Low Small Multi High

C2 High Low Any fixed Single High

C3 Low High Any fixed Multi Low
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comet-project.eu/) in 2013, and an architecture with both

offline and online compensations was proposed, as shown in

Fig. 3, and detailed by Lehmann et al. [74].

Machining error was a major topic to be discussed.

Schneider et al. [75] performed a set of experiments on machin-

ing source errors, in which environment-dependent, robot-

dependent and process-dependent errors were analysed and ad-

dressed, which showed that the compliance and the backlash

were the most dominant sources. Given the dynamic properties

to compensate the machining errors, Schneider et al. [76] de-

veloped an elastic solid-state joint-based method which allows

to adjust system stiffness in two orthogonal directions indepen-

dently. Then, a set of experiments were carried by Olof et al.

[77], of which results showed that a milling accuracy ± 12 μm

was achieved in both face and radial milling. Schneider et al.

[78] developed a feed forward-based method to model a stiff-

ness model. Their approach was successfully used to compen-

sate the errors caused by machining deformation. Then,

Schneider et al. [79] proposed a modular approach including a

predictive offline compensation of machining errors and an

online compensation based on piezo-actuator basis. Haage

et al. [80] introduced an offline compensation approach based

on joint-motion simulation to improve the machining accuracy.

Their method improved the machining accuracy significantly.

Moreover, to find the stiffest pose, Schneider et al. [81] intro-

duced a set of potential criteria including EE stiffness, EE stiff-

ness in force direction, damping, minimal joint movements,

backlash avoidance, workpiece collision and reachability.

Halbauer et al. [82] compared two types of milling strategies

including circular tool paths with spiral step over and constant

step over. Their results showed that the milling strategies influ-

enced the effect of robot milling. In addition, based on CAM

off-line programming, the setup was integrated into a robot cell

by Leali et al. [83] to archive a reconfigurable machining cell.

In summary, the C1 with a fixed spindle enables the ma-

chining system stable enough to improve machining accuracy

compared to the C3. Under the similar configuration, robotic

belt grinding archives a better result, which is one of the re-

sults the machining systems are well employed in grinding of

turbine blades. However, the size and weight of the allowed

workpieces are constrained by the payload of IRs; therefore,

the flexibility of C1 is much lower than C3.

3.3.2 Robot boring system (C2)

Target the drilling of the key connection holes on the aircraft, a

special robot boring system mounted on IR’s EE, including a

robot flange interface, two air cylinders, a pressure foot, a feed

Fig. 3 The kinematic performance maps (a), stiffness performance maps (b) and the deformation maps (c) [56]
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screw, a spindle and a boring tool, was first proposed by Guo

et al. [71], as shown in Fig. 4. The system was designed to

suppress the vibration caused by the robot body considering

vibration mechanism in the robotic boring process in order to

overcome the low stiffness of IRs. On top of the method,

cutting force, boring chatter and robot posture optimisation

were researched. Wang et al. [84] developed dynamic cutting

force model by using the principles of cutting mechanics and

the Oxley orthogonal-cutting model. The errors of the predict-

ed average cutting forces were within margin of11% for stable

boring and 21% for vibrated boring. Then, Wang et al. [85]

studied chatter mechanism and stability, of which results dem-

onstrated that feed rate and the depth of cut influenced the

stability significantly, and that feed rate and depth of cut were

two significant factors affecting the stability of the system.

Recently, Guo et al. [86] proposed a robot posture optimiza-

tion model and a positioning accuracy compensation model,

by which a Ra 0.8-hole surface was obtained, and a position

accuracy of 0.05 mm and an orientation accuracy of 0.05°

were obtained for robot.

Under the same C2, Dong et al. [87] developed a rotary

ultrasonic drilling of which device is mounted on IRs to re-

duce the cutting force and to suppress the lateral chatter.

Compared with conventional method, the stabile range was

extended. Then, they [88] extended the developed method to

drill the carbon fibre reinforced polymers (CFRP)/aluminium,

in which with a well understanding of the system, the burr

height model could be established, and it was validated by a

set of experiment. Ultrasonic machining could be a potential

way of low-stiffness robotic machining.

Additional device in the configuration C2 is able to sup-

press machining vibration and to overcome the low stiffness

of IR. The method can provide a feasible solution for robotic

machining application with a single function.

3.4 Trajectory optimisation

Apart fromCNCmachine tool of which stiffness levels of axis

are changed duringmovements within an acceptable range, IR

stiffness is not stable enough during following a trajectory.

Therefore, the trajectory planning is an important topic since

the stiffness is changed during the trajectory. A path regulation

[89]–based path planned algorithm was developed by Chin

and Tsai [90], in which the similarity between CNC machine

tool and robot was under consideration in terms of tracking a

trajectory. However, the stiffness was not considered. Krži

et al. [91] developed an offline programming method which

could be used to overcome a kinematic constraint by consid-

ering EE rotation, part translation and part rotation. Their

method could improve the speed and quality of calculating

the valid configurations/tool path. Then, trajectory deviation

and cutting force were considered by Slamani et al. [92, 93],

and they tested different cutting conditions in high-speed ro-

botic trimming of CFRP. Their results demonstrated that the

medium cutting speed and low feed were the optimal cutting

condition. Considering a feed direction stiffness, Xiong et al.

[94] proposed a trajectory optimisation method in which the

stiffness of the robot-machining system along the feed direc-

tion was maximised at per CL point. Based on robot compli-

ance and milling forces, Villagrossi [95] used the joint stiff-

ness matrix to optimise a milling trajectory. The milling pro-

cess was improved; however, it was still poorer compared

with conventional methods. He et al. [96] modelled a 2-DoF

dynamic model of a robotic milling process, introduced modal

analysis and robot kinematics, and proposed a new stiffness

orientation method to optimise path. The experiments showed

that the force was reduced, and stability was improved.

In addition, there is a special system of dual robot-

machining structure; Owen et al. [97–99] introduced a real-

time trajectory planner. In their method, to reduce joint accel-

erations contributing the most to the saturated joint torques, a

weighted pseudo-inverse technique was employed. Then, by

considering minimising the compliance factor of the manipu-

lators based on a certain tool path based on workpiece, higher

stiffness configurations could be obtained by their developed

trajectory optimisation method, resulting a reduction of ma-

chining torque and deflection of tool [100, 101]. Then, the

conflicting performance criteria were added the model [102].

Fig. 4 Predicted stability chart for

an aluminium milling process

considering four modal

subsystems [65]
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In corresponding with robot stiffness, robot trajectory op-

timisation, related to tool path of workpiece, has been studied

to optimise the robot configuration, feed speed and orienta-

tion, and cutting condition along with the trajectory.

3.5 Machining process

Machining is one of the most complex processes within

manufacturing area [103]; therefore, it is a big challenge for

robot manipulator with low stiffness. Many topics related to

robotic machining have been discussed in terms of factors

with conventional CNC machining. Tool path generation is a

major difference, in terms of mechanism difference between

robot and CNC machine tool. Given consistence issue of a

tool path, Agus et al. [104] proposed a joint space path plan-

ning in robot machining. However, they have not validated the

method experimentally. To optimise a feed orientation, Chen

et al. [105] proposed a normal stiffness performance index

which is derived from the comprehensive stiffness perfor-

mance index, based on the relationship between external force

and EE, to evaluate robot stiffness on a given posture. Cutting

force and cutting vibration are sensitive factors for robotic

machining. Extending the conventional CAD-CAMwith sim-

ulation, Brüning et al. [106] proposed a process planning

chain for robots machining, in which cutting force was simu-

lated. A further experimental work was needed to be per-

formed to validate the method. Cen and Melkote [107] devel-

oped a milling force model combining robot dynamics and

external force on robot stiffness. Via the model, their results

showed that the milling forces were reduced by 50–70%.

Wang and Keogh [108] carried out a set of experiments to

reduce robot-machining vibrations by controlling vibration

associated with cutting force, and the root mean square vibra-

tion was reduced by 25%. Huynh et al. [109] modelled an IR

compelled to machining operation. By combining the effect of

all joint flexibilities and gear backlash, the models were able

to produce cutting force and machined shape in milling of

aluminium, rather than in machining of steel. Cutting process,

where the vibration comes from, was concerned. Cutting pro-

cess was modelled together with robot stiffness, and Garnier

et al. [110] combined two models to analyse the elasto-static

behaviour of the robot while drilling. Tool wears were con-

cerned as well; Tratar et al. [111] compared machining perfor-

mances by IR and in CNC machine; drawing the bigger tool

wear was generated in the lower rigidity configuration of ro-

bot. In addition, combining machining planning, program-

ming and real-time control, Schreck et al. [112] reported an

industrial machining robot which could provide a solution for

hard material machining of small-batch and highly-

customised products. Furtado et al. [113] proposed an exper-

iment based approach to evaluate the robot-machining alu-

minium workpiece. In their method, a five-step experiment

was carried out to optimise robot poses, milling directions,

cutting strategies and depth of cut, milling parameters, and

to check the programmed velocity and configured parameters,

and repeatability.

The similar factors with CNC machining should be up-

dated and adjusted as well, cutting parameters and cutting

tool. Matsuoka et al. [114] proposed a high-speed milling in

which a small-diameter, 3 mm, cutting tool and a high-speed

spindle, 100,000 rpm, were two keys to reduce the cutting

force. Their results showed that cutting force was reduced

by 50–70% compared with using a fluting machine. In a

high-speed machining category, Mejri et al. [115] observed

dynamic characterisation of robotic machining system.

Cutting conditions should be adaptively changed along with

robot posture to ensure stability in terms of dynamic property

differences, as shown in Fig. 5. Tratar and Kopač [116] ap-

plied successfully a robot to milling used to remove the

welding materials by selecting proper processing parameters.

Cutting tool is another important resource. Tool geometry,

number of teeth, feed rate, spindle speed and properties of

the material were considered by Klimchik et al. [117], and

they developed a compliance error compensation for robot

milling based on non-linear stiffness model which was used

to optimise trajectory to avoid the machining chatter.

Afterwards, tool deflection was added into the compensation

model by them [118].

In summary, compared with the conventional machining

performed in CNC machining tool, only some standalone re-

search has been reported; therefore, there have been a lack of

systematic research on machining process optimisation, e.g.

cutting tool, machining parameters, coolant.

3.6 Machining quality

Machining qualities including dimensional accuracy and sur-

face qualities are the key evaluation indexes to determine

whether an IR can be used in machining or not. Dimensional

accuracy is an essential requirement, and sensitive to machin-

ing system stiffness. An idea to reduce cutting force was con-

sidered by Höfener and Schüppstuhl [119, 120] by using a

small IR in aircraft repairing of composite materials. Their

experimental results showed that the IR offered some signifi-

cant advantages compared to other kinds of kinematics for on-

aircraft milling application, and machining accuracy was in-

creased. To identify error sources, Kothe et al. [121] proposed

a performance assessment strategy, in which the actual tool-

position/orientation could be calculated along with plotting

the robot encoder during movement. Then, a real-time guid-

ance with laser tracker and control parameter optimisation

were combined to implement the method. Gear backlash er-

rors in machining were compensated by an online controller

developed by Kubela et al. [122]. Based on robot stiffness and

reversal error, Cordes and Hintze [123] developed a path de-

viation predictive model in joint space. Their results showed
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that a reduction of dimension and form deviations could be

archived by an offline compensation based on the proposed

method. Surface quality was focused on as well. Tang et al.

[124] combined robot static stiffness and cutting force model

to establish the tool point deformation model. By analysing

the models, the translation of tool point is the major factor to

machining errors. Surface roughness was focused by Slamani

et al. [125], and they compared roughness in trimming per-

formed by high-speed CNC machine tool and a robot with a

high-speed spindle. The surface roughness in robot trimming

is dominated by a large trajectory deviation. Then, Slamani

and Chatelain [126] identified the relevant sources of errors.

They found that a strong dependence between parts accuracy,

cutting direction and robot position.

Additionally, towards a performance standard, Barnfather

et al. [127] compared available performance evaluation stan-

dards of both robot and machine tool, and proposed a method

to deliver a robust performance evaluation of robots. Then,

they proposed a photogrammetry-based metrology assistance

algorithm to compensate machining errors [128]. In their

method, the closest point to nominal cutting coordinates on

an aligned inspection surface was used for compensation to

generate a penultimate measured cut.

The machining qualities of robotic machining mainly re-

fer to dimensional accuracy, and surface quality. Machining

error source has been studied to identify the reason and

solve the problem. Some performance standard has been

considered to evaluate IRs. Apart from conventional ma-

chining, robotic machining should be understood systemical-

ly due to each element in the system that may cause ma-

chining quality problem.

3.7 Monitoring and compensation

Machining vibration is a serious issue due to there is still

uncertainty in robot machining; therefore, a real-time moni-

toring and its compensation are the solutions. Lehmann et al.

[129] proposed an approach to compensate machining errors

by reducing cutting force. In their method, three steps are

included; a machining strategy was generated first, based on

which, a tool path was obtained and optimised to reduce force,

and finally an online compensation was used based on a force/

torque sensor mounted between EE and tools including spin-

dle and cutting tool. Denkena et al. [130] proposed a hybrid

drive concept of robot to improve their machining capability.

Their simulation result demonstrated that it performed well

Fig. 5 Robot machining related research field [115]
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when torque motor working, and a potential application in

machining could be improved. Based on robot force control

and programming method, Domrös et al. [131] proposed an

autonomous robot-machining concept, where the feed speed

could be changed along with tool path accordingly. Xie et al.

[132] proposed a force control robotic mill method in which a

force sensor was mounted between EE and spindle. In their

method, there is no experiment to be done to validate the

method yet. Machining error identification can help to com-

pensate machining error. Posada et al. [133] analysed the error

sources in robot-machining process, and proposed an external

sensor based approach to reduce the machining error, of which

a drill experiment showed that it delivered a better perfor-

mance compared with a compliance model-based compensa-

tion. Qin et al. [134] developed a robot drilling system, in

which two accelerometer sensors were used to obtain the

vibration signals of the EE which was analysed to calculate

the location and orientation errors. Rosa et al. [135] devel-

oped a force control strategy to enhance the application pos-

sibility of robot drilling. The method was used to improve

drilling quality by assuring the thrust force, and to reduce

the sliding during the first contact between the twist drill and

the workpiece. Brunete et al. [136] proposed hard materials

machining by robot with an improved position-control ap-

proach and enhanced compliance-control functions. In their

method, a novel strategy to compensate for elastic could

improve the robot performance and applicability of robots

in machining tasks.

So far, the machining quality is still difficult to be guaran-

teed due to there are many factors causing uncertain force and

vibrations. Therefore, an on-line sensor monitoring can be

used to detect the uncertain condition, and a compensation

can improve machining accuracy based on research on ma-

chining source identification of robotic machining.

3.8 Other aspects

Apart from machining quality–related research, many other

aspects were reported as well, e.g. calibration, STEP-NC, sim-

ulator and energy efficiency. Leali et al. [137] designed a two-

step calibration method to improve the accuracy of robot mill-

ing, including a first calibration of the workpiece-independent

equipment in the workcell layout and a final automated online

calibration of workpiece-dependent equipment. STEP-NC

was proposed to use in robot machining [138], and a similar

concept was also proposed and tested [139]. ReaMinango and

Ferreira [140] combined STEP-NC and forward/inverse kine-

matics methods to generation tool path for robot. Zivanovic

et al. [141] and Toquica et al. [142] developed a RoboSTEP-

NC module for robotic machining, in which STEP-NC was

implemented. Avirtual robot-machining simulator was devel-

oped by Huynh et al. [143], and it was used to optimise the

cutting parameters in robot milling. Afterwards, they updated

a set of modal analysis, in which both identified natural fre-

quencies and damping ratios were used to update an elasto-

dynamic model of the robot through a minimisation procedure

[144]. Energy efficiency was given an attention by Uhlmann

et al. [145], and they identified the energy status which pro-

vides energy-optimised path planning in CAM system of ro-

bot machining. In addition, Denkena et al. [146] discussed the

needed changes of the conventional process planning chain to

adapt robotic machining. A remote robot-machining concept

via Internet was presented for robot machining by Lee et al.

[147]. Special robot structure, a hexapod robot, was designed

for robot machining by Choi et al. [148].

4 Recap on technologies of robotic machining

4.1 Low-MRR operations

High flexibility and high robustness are the trends of robotic

machining for low-MRR operations, requiring a lot of hard-

ware and software working together. Therefore, integration

technology plays a key role in terms of stability, extensibility

and compatibility of robotic machining systems. Towards the

solution, two directions are the keys:

& A well-structured communication framework: it should

provide a well-structured interface, and allow fluent com-

munication between models, hardware and software with

a certain robust. Also, it could be extended easily when

new models are added.

& A well-modelled manufacturing process: manufacturing

processes should be distributed into the detailed models

which could be developed and enhanced separately. In the

models, input and output are well defined.

There are still many real-world scenarios in which human

operators perform tasks on a shop floor. For example, addi-

tional grinding work is generally carried out to smooth the

surface on car body die after finish machining, and similarly,

deburring and polishing of nuclear reactor parts are needed

after finish machining (https://www.coroma-project.eu/). By

overcoming the problems above, robotic machining can be

applied in the cases,

4.2 High-MRR operations

The applicability of robotic machining in high-MRR operations

is still called into question in terms of machining stability and

machining quality, machining repeatability/stability. However,

the potential benefit from robot machining makes it worth to be

discussed further. The major problem of robotic machining

comes from robot stiffness and machining vibration which are

corresponding to low-stiffness IR andmachining process. From
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the reported publications, as shown in Fig. 6, robot stiffness

research involves control parameter optimisation, robot compo-

nents, workpiece placement, robot posture and robot trajectory,

etc.Whereas, themachining processes refer to tool path, chatter,

cutting process, cutting tool, and machining standard, etc. To

suppress the vibration, damping, sensor-based detection, and

real-time monitoring have been touched, and to compensate

the errors, and machining error sources have also identified.

Many major points could be improved to robotic machining

in terms of new developments, new principles and new consid-

eration from short-term to long-term improvement.

4.2.1 Robot components and damping devices

Originally, IR was not designed for machining application;

therefore, less research was focused on improving the compo-

nents. A set of well components could provide a great en-

hancement of robot stiffness. In the near future, smart

damping device by which the vibrations could be suppressed

will be still a solution for robotic machining. With their help,

machining qualities could be improved and acceptable for the

real applications.

4.2.2 Real-time monitoring and compensation

The stability of robotic machining generates uncertainties on a

shop floor before the robotic machining behaviour is

completely understood. In general, the uncertainties cannot

be avoided by off-line optimisation. Therefore, a real-time

monitoring system is necessary to handle such manufacturing

environment to caption the unusual conditions, together with a

proper error compensation algorithm.

4.2.3 Updating principles

Nowadays, the research on robotic machining is based on the

conventional machining principles and evaluation system; as a

result, it is very different to archive acceptable machining

quality. A cutting tool design, for example, is designed to

deliver a high tool life, rather than a low cutting force.

However, the cutting force has the priority. Therefore, towards

an applicable robotic machining, the design principles on cut-

ting area should be updated accordingly.

4.2.4 Comprehensive optimisation of robotic machining

The conventional CNC machine tool is stiff enough for mate-

rial removing, which allows the related research to be carried

out separately, e.g. materials cutting, machine tool design,

cutting tool design and cutting condition optimisation.

However, IR is not as stiff as CNC machine, so that cutting

process with high cutting forces and high-frequency vibration

weakens the effect of each individual research. In this case,

optimisation of each individual part cannot solve the problem

totally. Therefore, optimisation of the entire robotic machining

system should be treated as one problem, in case of which a

globe optimisation could be archived as a long-term improve-

ment of robotic machining. A machine learning associated

with big data is able to provide a comprehensive parametric

optimisation, which is a potential solution.

Many machining scenarios in shop floors could be perfor-

mance potentially. For example, many assembly-orientated

holes and surfaces are needed to be machined on site to guar-

antee that the relevant parts can be assembled. Such as, face

Fig. 6 Research topics for high-

MRR operations
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milling of assembly interfaces and drilling of connection holes

are needed to be milled on site to dock tail on fuselage [149].

4.3 A statistical analysis

There are 122 published papers from 1987 to 2018, including

64 conference papers, 55 journal papers and 4 books/theses.

Within journals, Robotics and Computer-Integrated

Manufacturing and International Journal of Advanced

manufacturing Technology are the twomajor journals publish-

ing robot-machining research, and include 16 (26.67% in jour-

nal papers) and 11 (21.67% in journal papers) publications,

respectively. In addition, there are other journals publishing

more than one, i.e. Measurement (2), Journal of Material

Processing Technology (2), International Journal of

Computer Integrated Manufacturing (2), Industrial Robot:

An International Journal (2), Production Engineering (2),

Technique (2) and Journal of Manufacturing Processes (2).

Figure 7 shows the total number of robotic machining research

publications from 1987 to 2018. The publications are less than

six per year before 2013, and then they were increased from

2013, and 98 papers (75.97% in publications) were reported.

There are 23 countries/areas of the authors who published

the robotic machining works, as shown in Fig. 8. Here, there

are four countries having more than 10 publications, where

Germany (24.03%), China (20.16%), France (10.85%) and

Canada (8.53%). In addition, there are four countries of which

percentiles are higher than 3%, i.e. UK (3.86%), Italy (3.86%),

Japan (3.10%) and Brazil (3.10%).

5 Conclusions

The paper reviews the research publications of robotic ma-

chining, and by considering the difference of research topics,

classifies robotic machining into low-MRR operations (in-

cluding grinding, polishing and deburring) and high-MRR

operations (involving milling and drilling). Then, the previous

review papers are gone through, together with research topics

of robotic machining, in which, robotic machining dynamics,

robotic machining configurations, trajectory optimisation,

machining processes, machining quality, monitoring and com-

pensation and other aspects. Finally, a recap on robotic ma-

chining is given, together with a statistical analysis carried out

in terms of published journal, years and countries. The major

found trends are summarised as follows:

& In low-MRR operations, the study of robotic machining

started from sensor-based human-like operation, then an

improved machining quality compared to human opera-

tors, and targeted a flexible scenario in which human and

IR work together closely; therefore, IRs, sensors and soft-

ware modules should be organised in a proper way.

& Whereas, for high-MRR operations, towards an alterna-

tive of partial CNC machines, almost all of reported pub-

lications aim to enhance stiffness and to suppress machin-

ing vibration. Some robotic machining configurations im-

prove machining quality by reducing the flexibility. Then,

robot trajectory, machining process and quality have been

considered. Real-time monitoring and compensation have

been focused on to improve machining accuracy.

However, there is still no reported work to guarantee a

stable and high-machining quality.

& The research on robotic machining was increased since

2013, and more than 75% publications were published,

and most of authors (63.57%) are from German, China,

France and Canada. Also, the publications will be in-

creased significantly in the following years.

There are several potential directions of future research

which could make the robotic machining to be applied in real

industries, according to the observed trends and distance be-

tween real application and research. Robotic machining con-

figurations, damping technologies and 3.7 monitoring and

compensation are the straightforward ways to improve ma-

chining quality and accuracy based on the current manufactur-

ing environment and structure, as the short-time develop-

ments. However, from the long-time development, point-of-

view, the potential research should be planned as follows:

& A flexible and robust system is a key for low-MRR oper-

ations in the future industrial applications to deliver a safe

and stable working environment in which human opera-

tors are allowed to work together with IRs. That requires a
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well integration technology in teams of software and

manufacturing.

& A comprehensive optimisation should be performed for ro-

botic machining system in teams of robot stiffness and ma-

chining vibration, including all relevant elements, e.g. IRs,

robot motion, robot control, workpiece and its placement,

tool path, cutting tool, cutting conditions and other aspects.

Here, machine learning associated with big data will be one

of the solutions with the data benefit to improve high-MRR

robot-machining stability, which requires data representa-

tion and robot-machining digitalisation.

& An update of the relevant machining principles in conven-

tional machining environment is needed for high-MRR

operations by considering the properties of robotic ma-

chining system. For example, both machining quality

and tool life have been the major objectives for cutting

design in conventional manufacturing; however, in robot-

ic machining, the major objective should be the low cut-

ting force and low cutting vibration which generate a good

machining quality.
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