
ATRACT

 ere i a popular narrative that the rie of automation threaten to diplace a large egment of the American orkforce. Root in particular are the oject of  

pulic concern aout emploment. ut in mot American manufacturing plant—particularl mall and medium  rm—root are carce. Feer than 10 percent 

of American manufacturer have an indutrial root.  i cae tud argue that the technolog challenge facing American indutr i not too man root, ut  

too fe. Multiple factor contriute to lo root adoption, including high integration cot,  exiilit and deign limitation, and orkforce challenge. When 

 rm do adopt root—hether to ful ll a ne contract or attract a ne cutomer—there ma e ene t for the orkforce a ell a the econom a a hole.
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Learning Ojective

Automation ha een a longtanding ource of concern for the pulic and the government in the United tate. In 1955 and again in 1960, the U Congre held 

hearing on the progre of automation and it conequence.  e hearing ere uppoed to keep Congre “currentl informed let the increaing productivit to 

e otained through automation and hich i ought and elcomed  all egment of American life carr ith it exceive peronal hardhip or et up advere 

force hich ill hamper future economic tailit and groth.”1 Walter Reuther, the head of one of America’ larget laor union—the Congre of Indutrial 

Undertand ho prediction and perception of indutrial automation compare to technolog on 

the factor  oor.

Undertand the di erence eteen “ottom up” and “extrapolation” tudie on the impact of ne technologie.

Identif hat motivate ome manufacturing  rm to adopt root, hile other do not.

Conider polic direction for encouraging the ene t of root automation hile alo improving orkplace condition and age for (human) orker.
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Organization (CIO)—a invited to peak. He aid of automation, “e are faced ith might force hoe impact on our econom can e vatl ene cial or  

vatl harmful, depending on hether e ucceed or fail in achieving economic and ocial progre that ill keep pace ith changing technolog.”2 Reuther and 

fello laor leader George Meane decried technological change a a force for increaing the countr’ economic ell-eing, hile alo urging government to pla 

a more active role in inuring that gain from automation ere fairl ditriuted.

Pulic hope and anxietie aout the impact of automation and technological change have coexited ince at leat the tart of the Indutrial Revolution. conomit 

and journalit riting aout root and jo noada o en reach ack to the introduction of ne machine in factorie in the 19th centur and to the 

“Ludditie”—farm and factor orker ho proteted  mahing machine at the orkplace. ven efore large-cale mechanization of ork, government 

orried aout hether ne technologie might lead to unemploment and to political unret. Reference to the Luddite have ecome a of arning aout the 

political danger of hotilit to machine.3 Toda, a in the pat, pulic entiment continue to e mixed. In poll from 1970 and 2017, repondent generall 

approved of ne technologie and their ene t for the econom and ociet.4 A Pe Reearch Center urve in 2017 found that more people reported that 

technolog made their ork more intereting and increaed their opportunitie for career advancement. When it came to peci c automation technologie like 

cheduling o are and even indutrial root, orker ere more likel to a that ne technologie have had a poitive impact on their jo. Hoever, in the 

ame poll, 72 percent of U adult reported that the ere orried aout a “future here root and computer can do man human jo.” And 85 perent of 

repondent aid the ould favor a polic that limited machine to doing dangerou or unhealth jo.5

In 2017, thee anxietie aout a rootic future coincided ith ave of headline aout root eating jo and elf-driving car and truck ecoming uiquitou on 

the road ithin one to  ve ear. Reearch contriuted to thi panic ith idel cited academic article predicting maive jo loe.6 To Oxford reearcher, 

Carl enedikt Fre and Michael A. Oorne, pulihed ork uggeting that 47 percent of U jo ere at rik ithin “a decade or to.”7 ut the Fre-Oorne 

prediction ere aicall extrapolation, a ere other made at the time. Fre and Oorne ued 702 occupation clai cation from a dataae maintained  the 

U Department of Laor (knon a the “Occupational Information Netork,” or O*NT) and identi ed tak ithin the occupation.  e then aked technolog 

expert to judge hether the thought machine could do thoe tak no, or ould oon e ale to do them. Other tudie folloed in the ame methodological 

vein, including tudie  the Organiation for conomic Co-Operation and Development (OCD), hich, hoever, focued on tak rather than occupation and 

etimated that far feer jo ere in jeopard. McKine Reearch Intitute ued imilar methodologie and etimated aout four hundred million jo orldide 

ould e lot.  ee ere all aicall exercie that extrapolated from an expert’ vie of hich tak could no or “oon” e automated to calculation aout jo 

lo.

What folloed ere empirical tudie of jo loe in factorie that alread had rootic automation in France, German, Netherland, Canada, and the United tate. 

And here the picture ecame a lot more complicated. ome large  rm ith international market in France emploed more orker a er root ere introduced 

hile their dometic competitor eemed to loe orker.8 In Canada, the introduction of root led to the reduction in the numer of middle-level manager and 

an increae in production orker.9 Large-cale tudie in German and the Netherland of change in the orkforce a er the introduction of root alo hoed 

increae in ome categorie of orker, ith decreae in other categorie. Among  rm in the United tate, thoe adopting root eemed to o er higher age 

to production orker, ut the addition of root a aociated ith feer jo overall.10 Context eem to matter hen it come to the e ect of root adoption

—ut ho it matter e do not et undertand.

Too Man Root or Too Few?
Amid groing concern aout automation, American alo orried aout declining manufacturing competitivene and the tagnation of age in manufacturing 

jo. A reearcher, e have een concerned  the puzzle of lo productivit groth in the U econom and that ha led u to e epeciall intereted in 

technolog and kill in mall and mid-ized manufacturing enterprie (M). (ee Figure 1.)11
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 e gap eteen the productive performance of thee M and that of large manufacturing  rm ha idened at the ame time that economit have hon a 

concentration of economic activit in the mot productive “upertar  rm” in a ector.12  e idening gap eteen the mot productive performer and the ret 

raie quetion aout h di uion of et practice from the mot productive  rm ha een lo, and hat pulic policie might do to accelerate it.

Over the pat    ear, thi performance gap eteen large manufacturing  rm and mall and mid-ized manufacturing plant ha idened. In the earl 1970,  

the output per orker of large manufacturing etalihment—plant ith over  ve hundred orker—a onl aout 25 percent higher than in plant ith 

feer than  ve hundred orker.  2012, output per emploee at plant ith more than  ve hundred orker a 93 percent higher than that at maller plant.  

(ee Figure 2.)13 A groing age gap eteen large and mall plant ha mirrored the groing gap in output per orker. (ee Figure 3.)14
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Tring to explain lo productivit groth in M and hat appear to e their orening relative performance eem a critical tep in undertanding the future 

propect of U manufacturing. Wherea automation anxietie emphaize the rik of too much technolog, lo productivit groth ugget that there ma not 

e enough technolog for mall and medium  rm to ecome more competitive. When, h, and ho manufacturing  rm acquire ne technolog, and ho the 

 nd or train orker ith ne kill—thee iue are central to  guring out h productivit lag in maller companie.

Looking for Root
In eeking to undertand the impact of the introduction of root and other ne form of automation on the numer and qualit of manufacturing jo, a ell a 

the performance of manufacturing  rm, e turned to a di erent reearch approach from one that eek to match up tak ith the capailitie of machine.15 It 

i an approach that tart from the “ottom up”— from the people and the machine alread in the plant and from the factor manager’ conception of poile  

option. In order to carr out thee “ottom up” tudie over the pat thirt ear, MIT reearcher have alked through factorie ith manager in the United 

tate, German, France, Japan, Hong Kong, and China.16  e have litened to manager explain ho the organize production, hen and ho the decide to u 

ne equipment, ho the hire and train orker, and hat the ee a promiing trategie for their uine in the future. In the mot recent of thee tudie, the 

2018–2020 MIT Takforce on Work of the Future, a group of facult and graduate tudent again focued on analzing change in production from the factor 

 oor up.17  e methodolog aimed at identifing the mechanim that link the ke variale: hiring and training, technolog adoption, and productivit.

Our intervie and oervation examined the adoption of ne production technologie in general and indutrial root in particular.  e de nition of an 

indutrial root e ued a that of the International Federation of Rootic: an “automaticall controlled reprogrammale multipurpoe manipulator 

programmale in 3 or more axe.” If a 5-axi CNC (computer numerical control) machine ere to e counted a a root, e ould have counted more root in the 

plant, ince everal companie had recentl acquired advanced CNC machine.  ere are good reaon to ditinguih CNC machine from root, our colleague 

from an MIT rootic laorator uggeted. ven though a CNC machine can do the ame milling a a root doe, a root can alo e repurpoed for function like 

pick-and-place  changing out the end e ector.18 Rooticit think of root a taking input from enor and making deciion aed on thoe input, a ell a  

eing  exile enough to perform a variet of tak that the CNC machine doe not do. o in thi tud e decided to ditinguih eteen purchae of root and 

purchae of advanced CNC machine. We alo ruled out including automated guided vehicle (AGV), hich are mall moile root that are ued to move part  

from tation to tation acro factor  oor.19

aed on the expert’ prediction of the pat fe ear e expected to  nd man root on the factor  oor. ut the majorit of the  rm that our group viited 

had none. Man till had manual machine that their grandparent had purchaed in the 1940 and 1950. We oerved that the plant ith old technolog alo had 

lo-kill and lo-age orker and high turnover of the orkforce. ut i it the lo kill of the orker that keep the  rm from adopting root, or i it the old  

technolog in the plant and lo productivit that make it likel that manager ill continue to hire lo-killed orker at lo age? Ho could e tell? We 

tarted to conider hat force ere keeping American manufacturer in thi lo-tech—lo-kill—lo-age equilirium, and ho the might reak out of it.

We intervieed oner and enior manager in fort-four manufacturing companie in Ohio, Maachuett, and Arizona, and leader in tent-one indutrial 

ecotem intitution, uch a trade aociation, communit college, union, and Manufacturing xtenion Partnerhip o ce. In German, e viited eleven 

companie identi ed a having orld-cla advanced manufacturing tem.  e U companie ranged from a metal tamping  rm hoe oner frankl decried 

it a on “the cutting edge of lo tech” to a photonic compan on the far frontier of ne technolog. Of the fort-four U.. companie e viited eteen 2018 and 

the outreak of COVID-19 in 2020, ten are U diviion of large multinational corporation, and thirt-four are mall and mid-ized enterprie (M) that emplo 

feer than  ve hundred orker. Manufacturer in the latter ize categor repreent 98.4 percent of all manufacturing etalihment in the United tate, and 

the emplo 43 percent of all manufacturing orker.

 e  rm e intervieed in 2018–2020 ere mainl one that MIT reearcher had intervieed once efore, in 2009–2012, in the MIT Production in the Innovation 

conom tud.20  e original ample of  rm had een dran from a lit of all U manufacturer that had douled their revenue and increaed emploment 

eteen 2004 and 2008, that i,  rm that ere reaonal “health” on the eve of the 2008–2010 economic and  nancial crii.21  returning to  rm e had 

viited previoul, e hoped to e ale to track change in their technolog and orkforce pro le. To  rm e had viited in 2009–2012, e then added eighteen 

other companie in the ame code from the North American Indutr Clai cation tem (NAIC), namel, metalorking, automotive, and electronic.22  ee 

ne added  rm ere choen in cloe geographic proximit to the original ample.

 e ke quetion e aked in all of our 2018–2020 factor viit ere imple one that e poed in the formal intervie and purued a e alked ith the 

manager acro the plant  oor. “Which technologie did ou u over the pat  ve ear? Wh did ou u them? What ne kill did ou need to ork the ne 

equipment? Where did ou  nd people ith thoe kill? What happened to the people ho ued to ork ith the old machine?” We had read the 2017–2018 article 

predicting a maive ave of root replacing orker over a  ve- to ten-ear horizon, o e ere urpried to  nd ver fe root anhere. urel, if the proce

of root replacing orker ere to take place over the hort period that Fre and Oorne or the pulication of the World conomic Forum (“Davo”) predicted in 
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2017,  2018–2020 e hould alread have een eeing root moving into the factorie. ut the ere fe and far eteen.

In the Ohio mall and medium-ized manufacturing  rm e tudied, one mid-ized auto upplier that e had  rt viited in 2010 had uequentl een purchaed 

 Japanee upplier, incorporated into Japanee auto uppl netork, and then experienced a major groth purt.  at compan in 2018 had 105 root in plant 

it no managed—and it Ohio orkforce had gron from 120 to 260. ut in all the other Ohio M e viited, there had een onl one root purchae over the 

previou  ve ear: a 6-axi elding root to ork on large tuular ection for a naval defene contract. In the Arizona M, there had een three root  

acquiition; in Maachuett, one.

Indeed, even in the large  rm (ith over  ve hundred orker) e viited, root ere carce.23 In one large diviion of a multinational compan in Pennlvania, 

e learned that there had een root in the plant in the pat. ut hen demand for the part the ere making ith the root fell o  harpl, the jo along ith 

the root a tranferred to another diviion of the compan. At the time of our viit, the plant had no root.  e ere experimenting ith a root that the 

hoped to ue for viion and qualit control.  e onlaught of rapidl advancing root that e had expected to  nd in the heartland of American manufacturing 

a nohere in ight.

Preliminar reult of the 2018  rt-ever U urve “on the preence of root” in U manufacturing etalihment con rm that the aence of root in the 

M e viited i no ampling error, ut in fact repreentative of the overall ituation.  e Cenu of Manufacturing urve of root ho that onl 9.5 percent  

of U manufacturing etalihment have at leat one root. ven among plant ith more than  ve hundred emploee, feer than half have root.24

What did e learn aout hen  rm do decide to u root or other advanced manufacturing technologie? We had o en read that companie u root and 

other ne equipment to reduce their orkforce. ut on the ground e did not  nd uch cae. In fact, in the  rm e ere viiting for a econd time a er eight  

ear, all of them (ith the exception of one going out of uine and a econd in fragile hape) ere hiring more orker. We intervieed a compan that 

manufacture elding root and aked hat change the a in their cutomer’ uinee a er the purchae of the root.  e told u that cutomer u 

root thinking to ecome more productive, ut then dicover that the igget change i greater qualit and reliailit in their operation. In our on intervie,  

the mot frequent factor driving a purchae a the propect of a ne contract that ould require ne equipment. A third-generation famil  rm that tarted it 

uine making indutrial oiler toda doe aout to-third of it uine on defene contract. When the nav urged them to ue rootic elding, the 

compan ought a 6-axi elding root. Another  rm e viited purchaed a ne ed mill hen the realized the laer mill the had could not produce the volume 

the needed for a cutomer ith a ig project coming up. An Arizona  rm that make analogue load cell that meaure force acquired root for their high-volume 

product and for automated viual inpection. ut the mall-volume cell are till made  hand.  ere’ a lot of tacit knoledge involved in making load cell, and a  

e alked the factor  oor, e a people aemling tin part under magni cation.

In a fe factorie, root ere introduced to reduce treful and oring human laor. Artaic, a mall oton  rm that make cutomized moaic, mainl for hotel  

and retaurant, realized that it competitive advantage a ending out ample rapidl.25 Oner Ted Acorth had alread  gured out ho to program root to 

do the otherie tediou tak of picking and placing individual tile. ut to make ample, orker needed to place tile in ample quare manuall. To make the 

tak eaier, Acorth invented a device he call Whack-a-Tile, aicall a monitor ith light ignal to ait orker in putting the ample together quickl. ach 

Whack-a-Tile i et up to take et advantage of the individual ork tle and hand poition of each emploee. Ackorth’ compan i a modern deign  rm. ut  

e a imilar reaoning in a ver traditional Arizona metalorking jo hop.  e oner told u that efore uing the hop tent ear ago, he had orked on a  

oeing aeml line, hich he experienced a “oring, rain-dead ork that no human eing hould do.”26 He’ planning to retire oon and leave the uine to 

hi on. In the pat fe ear, he ha replaced old manual machine ith ne lathe that can e programmed o that one peron can deal ith three to  ve 

machine. He no plan to u a root to feed the machine. With the ne machine and a fe trained orker, the on’ principal tak ould e to program the 

machine.

The Puzzle of the Miing Root
Wh are there o fe root in the mall and mid-ized companie that contitute the majorit of American manufacturer? Virtuall all of the uinee e 

viited ere upplier, companie that make a diverit of part for cutomer ho make the  nal product.  e upplier are high-mix, lo-volume 

manufacturer. Root toda are till relativel in exile.  e are invaluale in auto aeml plant, in hich the root operate conitentl on large product 

run.  ee are indutrial root: too poerful and hence too dangerou to ork alongide human.  e are located in fenced-in area that orker do not enter. 

Collaorative root (coot), hich are root that are afe to ork alongide human, till have limited ue on factor  oor.  e are till ver di cult to  

reprogram, o for a uine that make a ver divere product mix involving quite di erent production phae, it’ not economicall rational to u a root that 

can do onl one operation.

What make the root expenive i not jut it initial cot, ut all the cot of integrating the root into the factor. quipment need to e intalled to move the 

part up to the root and aa from the root. It’ etimated that the purchae price of the root i onl 25 percent of the total cot of integrating it into the 

production line. ometime  rm ue integrator to help them get the root orking. ut man companie orr that the integrator pick up too much of the 

 rm’ proprietar knoledge along the a. An Arizona  rm told u of the ear it pent tring to intall a root  itelf. “Ho long a it until ou ere ale to  

get real value out it?” e aked. “even ear.” We aked hat the prolem a.  e aner a hort: “It took even ear ecaue there a a lot of huri on our 

part. We tried to do a too much.”27 Much progre i eing made in reearch la and root manufacturer in deigning more uer-friendl interface, and 
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ucce in that line hould eventuall make root more acceile to maller manufacturer. ut even in factorie that do have root and advanced CNC machine 

and other ne technolog, e oerved that the ne machine are impl orking alongide old one. It’ common to  nd equipment purchaed in the 1940  the 

oner’ grandfather till in ervice.  i laering of the ne on top of the old make it di cult to reap the full productivit ene t out of advanced equipment.

 e arrier to the introduction of advanced manufacturing equipment are not jut technological. A high-mix/lo-volume upplier i dependent on cutomer 

hoe order var unpredictal, o heav invetment in equipment for making an particular product i unie.  e oner of Gent Machine Co. in Cleveland, 

Ohio, repeated to a journalit hat he had explained to MIT reearcher previoul: that even on a large contract he heitated to u automation equipment ecaue 

the contract could diappear overnight.  at’ exactl hat happened to an eight-ear-long Tela contract ith Gent for making fatener that attach atter part.  

Aout Tela’ deciion to terminate the contract, Gent’ oner aid: “ at’ jut ho it ork.”28 It i ho it ork in U manufacturing, at leat. In German and 

Japan, MIT reearcher have oerved more collaorative relationhip eteen large  rm and their upplier. Large  rm make longer-term commitment to 

upplier and hare their plan and technical kno-ho in order to help the maller  rm adjut and advance.

Finall, e needed to conider a frequentl heard explanation of the lone of adoption of advanced manufacturing technologie: that the prolem lie in the lack 

of kill of the manufacturing orkforce. In thi vie, manufacturer are reluctant to invet in ne equipment ecaue the cannot  nd orker ith the right  

kill to ork on it. International comparion highlight the eaknee of U orkforce education relative to the intitution in countrie like German and 

Denmark that provide apprenticehip and extenive advanced training and retraining to orker. People lame culture change for the unillingne of oung 

people to eek out manufacturing jo. ut lo entr-level age and jo inecurit can explain much of that reluctance. When parent have atched more than 

 ve million manufacturing jo diappear in their lifetime, it can e di cult to convince them of a good future in manufacturing for their children. And lo-tech 

jo are not challenging and attractive to ne generation of orker.

reaking Out of the Low-Tech—Low-Wage Trap
 e carcit of root and other automation equipment in mot U manufacturing plant ho that root are not taking over the jo of mot human. ut thi i  

hardl good ne for the U econom or for American orker. Without higher rate of invetment in advanced manufacturing technolog, the countr’ luggih 

productivit groth i not likel to accelerate. Without ne technolog in manufacturing plant, the age of orker are not likel to rie. Wage are determined 

 multiple factor, including laor uppl, unionization, and pulic policie. We oerved that  rm that inveted little in advanced equipment ere alo unilling 

to invet in their emploee’ kill development.  e aked little of their orker eond coming to ork on time.  e o ered lo entr age and little training 

eond hadoing a orker alread doing the jo for hich the ne entrant a hired.  ee  rm tpicall have high turnover rate, ince orker have little 

incentive to tick ith uch a compan.

 ere are companie that have folloed a di erent track. We encountered them in our reearch and dicovered that the had tpicall made utantial invetment 

in ne equipment—either to improve the qualit, peed, and afet of their production proce, or to atif a ig cutomer, uch a the U Department of Defene.  

When the make invetment in technolog, manufacturer alo frequentl invet in training. A er all, no the need their orkforce to kno ho to make the 

et ue of ne tool.  e acquiition of ne technolog and ne kill o en goe hand in hand.  ee oervation ugget that in order to reak out of a talemate 

in hich outdated equipment and lo-level kill are mutuall reinforcing, e need pulic policie to upport oth higher level of capital invetment and 

invetment in orker education.29  ere i a road out of our current dilemma. We need to move onto it.

Dicuion Quetion
1. What factor might in uence manufacturing  rm to adopt ne technologie like root? Could government pla an role here?

2. Ho could engineer deign ne technologie and take into conideration factor that ould make for good jo: more intereting one, one ith le phical 

and mental tre, one that encourage orker to contriute to proce improvement?

3. Ho hould a compan decide ho hould e trained to ue ne technolog? Worker? Technician? ngineer?

4.  ere have een propoal to tax root or in ome other a limit their ue. What do ou ee a the pro and con of uch retriction?

5.  e author of the article uggget at the end that government hould pla an active role in upporting the introduction of root and other advanced 

manufacturing technologie into the orkplace. Do ou agree? On hat ground could one critique the author’ poition?
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Abstract

We explain the simultaneous presence of i) increasing per capita output, ii)

declining real wages of low-skilled workers, and iii) a rising wage premium of

higher education within a model of economic growth in the age of automation.

The theoretical implications are consistent with the data for the United States

since the 1970s. Thus, automation contributes towards our understanding of

the driving forces of rising inequality. The immediate policy conclusion is

that investments in higher education can help to soften the negative effects of
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1 Introduction

Despite sustained economic growth in the United States over the past decades, the

median real wage stagnated and the real wages of low-skilled workers even declined

since the 1970s (De Santis, 2002; Acemoglu and Autor, 2012; Autor, 2014). Over the

same time period, the wages of high-skilled workers with a bachelor’s degree or higher

have grown. Clearly, the overall development of the United States economy has

therefore been characterized by a rise in the skill premium, which is the percentage

by which workers with a college degree earn more than workers without a college

degree (cf. Mallick and Sousa, 2017; Neves et al., 2018). Figure 1 shows the evolution

of the real wages of workers with less than a bachelor’s degree (solid line, left axis)

and the skill premium (dotted line, right axis) from 1970 to 2015. While the real

wages of low-skilled workers declined by more than 20 percent over this period, the

skill premium almost doubled from slightly above 60 percent to 120 percent.

Figure 1: Real wages of workers with less than a bachelor’s degree (solid line, left
axis) and the skill premium (dotted line, right axis) from 1970 to 2015 in the United
States. Source: United States Census Bureau (2017), own calculations.

The rise in wage-related inequality is one of the driving forces behind the rise of

overall income inequality since the 1980s (Piketty and Saez, 2003; Atkinson et al.,
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2011; Piketty, 2014; Milanovic, 2016). A widely accepted and convincing explanation

for the rise in the skill premium is skill-biased technological change that dispropor-

tionately raised the productivity of high-skilled workers over the past decades (cf.

Acemoglu, 1998, 2002; Goldin and Katz, 2008; Autor and Dorn, 2013; Sochirca et al.,

2013; Jung et al., 2017; Mallick and Sousa, 2017). According to this explanation, the

rise in the number of college-educated workers in the second half of the 20th century

has led to a rise in the demand for technologies that suited their skills. The increase

in the stock of these technologies – such as computers, programming languages, and

software for spreadsheet calculations – has in turn raised the productivity of high-

skilled workers. Depending on how difficult it is to substitute high-skilled workers

by low-skilled workers in the production process, the increase in the productivity of

high-skilled workers has the potential to raise their wages by more than the wages

of low-skilled workers. If this is the case, skill-biased technological change widens

the wage gap. Moreover, the skill premium does not only apply in case of individual

workers but also at the firm level: Matemilola et al. (2013), Nemlioglu and Mallick

(2017), and Prettner and Strulik (2018) show empirically that firms with more in-

vestments in managerial practices – or with higher managerial skills to start with –

perform better.

Other developments – notably international trade and outsourcing – have com-

plemented (and sometimes substituted for) skill-biased technological change in its

effect on the wage differential (Autor et al., 2016). The intuition behind the effects

of international trade and outsourcing on the dispersion of wages is straightforward.

The production of goods that primarily require low-skilled labour input (simple

toys, clothes, etc.) can be easily shifted to countries in which labour is abundant

and wages are low. Due to decreasing transport costs and globally decreasing tariffs

in the 20th century, these goods can ever more cheaply be exported back to the

home market. As a result, firms with high demand for low-skilled labour tend to

concentrate in low-wage countries. By contrast, the production of goods that require

predominantly skilled labour input (sophisticated machinery, airplane engines, etc.),

is more difficult to shift abroad. The reason is that high-skilled labour is scarce in

low-wage countries. Thus, firms producing high-skill intensive goods concentrate in

countries where workers are well-educated and wages are high. This implies, from

the perspective of high-wage countries, that globalization leads to a fall in the de-

mand for low-skilled labour and a rise in the demand for high-skilled labour. As a

result, the wages of high-skilled workers increase further and the wages of low-skilled

workers decrease.

Further explanations for the rise in inequality include the reduction in wealth
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taxes and top marginal income tax rates since the 1980s, the reduction in the bar-

gaining power of labour unions, and demographic changes such as declining birth

rates that lead to a higher concentration of inheritances, or assortative mating, i.e.,

that nowadays spouses and life partners tend to have a similar level of education,

which was not always the case (Piketty and Saez, 2003; Atkinson et al., 2011; Piketty,

2014; Piketty et al., 2014; Milanovic, 2016). In addition, the compensation structure

in markets for superstars – where someone with either the skills or the luck to be

slightly ahead of others in a certain domain is able to earn a disproportionate share

of overall earnings – also contributes to a concentration of high incomes (Rosen,

1981).

In our contribution, we show that there is another aspect that has not yet been

credited sufficiently. Over the past decades, automation has made it possible to re-

place the production factor of low-skilled labour entirely – at least as far as different

routine tasks in the production process are concerned. Tasks previously performed

by assembly-line workers are now undertaken by industrial robots. By the same to-

ken, 3D printing has allowed to reduce the amount of labour input in the production

of customized products – such as hearing aids and prostheses. 3D printing is now

even used for the construction of entire buildings, which could reduce the need for

construction workers substantially (Abeliansky et al., 2015; The Economist, 2017).

Currently, self-driving cars and lorries are being developed and tested successfully.

This technology has the potential to replace millions of taxi drivers and truckers in

the not too distant future.

The crucial difference between automation and the standard formulation of skill-

biased technological change is that automation does not raise the marginal produc-

tivity of labour but that it renders the production factor labour entirely obsolete for

given tasks. For example, a standard computer still has to be operated by a suitably

skilled person, whereas the skill of driving taxis becomes technically obsolete once

autonomous cars are available. While overall production per worker usually rises

with automation1, the marginal product of labour might not, such that these two

different measures of productivity would start to diverge with automation.2 Further-

1This holds for the standard Ramsey- and Solow-type of growth models with automation but
might not necessarily be true in an overlapping generations setting (Sachs and Kotlikoff, 2012;
Sachs et al., 2015; Benzell et al., 2015; Gasteiger and Prettner, 2017) or in a setting in which
structural unemployment arises due to a mismatch between the skill requirements of jobs and the
current supply of skills by workers (Restrepo, 2018).

2In the context of the US banking industry, Mallick and Ho (2008) show how IT investments can
reduce operational costs but, at the same time, reduce profitability. Ceteris paribus and without
network externalities, IT expenditures reduce payroll expenses and raise the market share such
that profits rise. However, if all banks invest in IT, network effects are created to the extent that
market shares might not change, while more intense competition drives down profitability.
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more, as compared to standard physical capital in the form of machines, assembly

lines, and production halls, a rise in the stock of automation capital does not imply

a higher demand for workers. If a firm invests in new machines and assembly lines, it

needs workers to operate them. By contrast, if a firm invests in a fleet of self-driving

cars or in a production facility that operates with 3D printers instead of workers,

this does not raise the demand for labour. Consequently, capital deepening, which

is seen as a driver of rising wages in standard macroeconomic models, could lead to

a replacement of labour and to lower wages in the age of automation.

To analyse the distributive effects of robots, we incorporate automation capital

as a new production factor into an otherwise standard and simple model of capital

accumulation with low-skilled and high-skilled workers. Consistent with the stylized

facts to date, we assume that low-skilled labour is easier to automate than high-

skilled labour.3 An increase in the stock of automation capital has two effects.

First, it allows to substitute for workers and thereby to overcome the diminishing

marginal product of labour that constrains growth in the standard Solow (1956)

model. Second, the accumulation of automation capital drives a wedge between

the wages of high-skilled workers and low-skilled workers and, thus, raises wage

inequality. The resulting framework is capable of generating automation-driven

long-run growth even in the absence of technological progress and it explains the

rise in the skill premium. In addition and in contrast to the model of skill-biased

technological change, our framework can explain the reduction in the real wages

of low-skilled workers that we have observed over the past decades in the United

States.4

The central policy implication of our model is to invest in higher education in

the face of automation. Doing so would yield a larger share of high-skilled workers

in the economy who are not as susceptible to automation as low-skilled workers.

Such a strategy could have a dampening effect on the rise in wage inequality if it is

driven by automation.

The paper is structured as follows. Section 2 discusses the related literature.

3This holds up to now. However, progress in the development of machine learning algorithms has
been very fast such that even non-routine, skill-intensive tasks become more and more automatable.
Examples are diagnosing diseases and writing novels (Barrie, 2014; Ford, 2015).

4Automation capital can be interpreted as a special case of equipment capital in the literature
on capital-skill complementarity (Krusell et al., 2000). While Krusell et al. (2000) consider capital
equipment and capital structures and assume that high-skilled workers are more difficult to substi-
tute by capital equipment than low-skilled workers, we decompose the production factor of capital
equipment into i) the machines and assembly lines the operation of which requires labour and ii)
industrial robots and 3D printers that do not need any labour input at all. We show that the
naturally arising capital-skill complementarity in this setting explains the contemporaneous pres-
ence of long-run economic growth with shrinking wages of low-skilled workers, and, consequently,
a rising skill premium.
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In Section 3, we present the central elements of our model. In Section 4, we solve

for the long-run balanced growth rate and present our main results. We show that

the model generates falling wages of low-skilled workers, a rising skill premium, and

positive per capita GDP growth with a rising automation level. In Section 5, we

conclude and sketch out some scope for further research.

2 Related literature

As far as the related literature is concerned, the analysis of automation has received

considerable attention most recently. To our knowledge, Steigum (2011) was the

first to address the implications of the use of robots in a neoclassical type of growth

model along the lines of Ramsey (1928), Cass (1965), and Koopmans (1965). He

shows that automation implies the possibility for sustained long-run growth and

leads to a declining labour share, which is consistent with the empirical evidence

for the United States (Elsby et al., 2013; Karabarbounis and Neiman, 2014; Barkai,

2018).5 Prettner (2018) analyses the effects of automation in a simpler framework

based on Solow (1956). He shows that the results of Steigum (2011) carry over to this

setting and quantifies the extent to which automation contributed to the reduction

in the labour share of the United States between 1970 and 2010. However, neither

of the two contributions by Steigum (2011) and Prettner (2018) allows for the skill-

specific heterogeneity of workers and, thus, they cannot analyse the evolution of

wage inequality. In addition, Prettner (2018) only considers an exogenous split

of overall investment into automation capital and into traditional physical capital,

whereas we solve for the endogenous choice that rational investors would make.

Gasteiger and Prettner (2017) show that the implications of automation for long-

run economic growth are very different in the canonical overlapping generations

framework of Diamond (1965). In the overlapping generations model with automa-

tion, the economy always converges to stagnation, even if there is full replacement

of labour by automation capital such that aggregate production resembles the prop-

erties of an AK growth model. The reason is that households save exclusively out of

their first-period wage income in this setting. However, wage income is diminished

by automation because workers and robots are perfect substitutes. This reduces

the amount of overall investment, which, in turn, reduces economic growth. The

corresponding vicious circle implies long-run stagnation of the economy and thereby

explains the numerical findings of Sachs and Kotlikoff (2012), Sachs et al. (2015), and

5Barkai (2018) shows that the labour income share has been declining and argues that an
increase in the market power of firms plays a crucial role in the explanation of this phenomenon.
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Benzell et al. (2015), according to which automation can reduce economic growth.

While the numerical results of Sachs and Kotlikoff (2012) and Benzell et al. (2015)

show that the wages of high-skilled workers and low-skilled workers may diverge

with automation, the other articles mentioned so far do not analyse wage-related

inequality in the context of automation.

Acemoglu and Restrepo (2016), Hémous and Olsen (2016), and Prettner and

Strulik (2017) have proposed frameworks for the analysis of the implications of

automation within the R&D-based endogenous growth literature. In Acemoglu and

Restrepo (2016) and Hémous and Olsen (2016), R&D investments generate new

varieties of tasks (in the former paper) and intermediate products (in the latter

paper) that are initially non-automated. Firms can subsequently invest with the

purpose to automate the corresponding production. Thus, the wages of low-skilled

workers rise with R&D-based innovations and fall with in-house automation. To the

extent that R&D-based innovation is encouraged by automation, it could even be

the case that the wages of low-skilled workers rise with automation in such a setting.

By contrast, the results of Prettner and Strulik (2017) are less benign because new

innovations come in the form of the very machines by which the production of goods

is automated. As such, automation only raises the wages of high-skilled workers such

that wage dispersion and inequality rise with innovation-driven automation.

Our contribution to the literature is that i) we set forth a simple framework

of capital-skill complementarity in the age of automation with a straightforward

interpretation of automation capital that, in contrast to Sachs and Kotlikoff (2012)

and Benzell et al. (2015), allows for the analytical analysis of wage inequality; and ii)

our framework can explain the contemporaneous presence of rising per capita GDP,

shrinking wages of low-skilled workers, and rising wage inequality as experienced by

many economies over the past decades (see Graetz and Michaels, 2015; Acemoglu and

Restrepo, 2017; Dauth et al., 2017, for empirical evidence on the role of automation

in this context).

3 A simple model of automation and wage in-

equality

Consider an economy that is populated by households who invest a fraction s of their

income in either traditional physical capital (machines, assembly lines, production

halls, etc.) or in automation capital (industrial robots, 3D printers, autonomous

mining equipment, etc.). We abstract from endogenous saving decisions that would
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mainly complicate the exposition.6 Time t evolves continuously and the population

grows at rate n. There are four production factors: low-skilled workers denoted by

Lu, high-skilled workers denoted by Ls, traditional physical capital denoted by K,

and automation capital denoted by P . For simplicity, we do not make a distinction

between the population size and the amount of labour such that workforce growth

and population growth coincide. Automation capital is a perfect substitute for low-

skilled workers (e.g., assembly line workers can easily be substituted by industrial

robots) but it is still an imperfect substitute for high-skilled workers (e.g., engineers

and managers are still difficult to automate). This implies a natural capital-skill

complementarity along the lines of Krusell et al. (2000).

Suppressing time arguments whenever this does not impair the clarity of expo-

sition, the representative firm produces output Y according to the CES production

function

Y = [(1− β)Lγs + β (P + Lu)
γ]

1−α
γ Kα, (1)

where β ∈ (0, 1) is the production weight of low-skilled workers, α is the elasticity of

output with respect to traditional physical capital, and γ ∈ (−∞, 1] determines the

substitutability between both types of workers, where workers with different skills

are perfect substitutes for γ = 1 and perfect complements for γ → −∞. In the

following analysis, we focus on the empirically relevant range γ ∈ (0, 1) for which

low-skilled and high-skilled workers are gross substitutes as stressed, for example,

by Autor (2002) and Acemoglu (2009).

Traditional physical capital and automation capital are the only saving and in-

vestment vehicles in the economy. Denoting the saving rate by s, the fraction of

investment diverted to the accumulation of traditional capital by sK , and the rate

of depreciation by δ, the laws of motion for both types of capital are given by

K̇ = sKsY − δK, (2)

Ṗ = (1− sK)sY − δP. (3)

Assuming different rates of depreciation for both types of capital would not change

the main qualitative results. Apart from allowing for different types of skills in the

economy, we also depart in another crucial way from Prettner (2018) by endogenising

sK , i.e., the decision of rational investors of how much to invest in the two different

stocks of capital.

6See Steigum (2011) for the analysis of the growth effects of automation in a model with
endogenous investment but with only one type of labour.
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For simplicity, we abstract from endogenous education decisions that would al-

low individuals to switch from being low-skilled to being high-skilled and we also

abstract from exogenous technological progress. For an R&D-based growth model

with endogenous technological change, automation, and endogenous skill-upgrading,

but with a simpler production structure and only one type of capital, see Prettner

and Strulik (2017). Considering general labour-augmenting technological progress

in our production function would merely add an additional driver of long-run growth

and not change anything in terms of our central results. Considering education deci-

sions would primarily affect the transitional dynamics but not the long-run solution

as shown by Prettner and Strulik (2017).

Denoting the size of the workforce by L = Lu + Ls, defining the shares of high-

skilled and low-skilled workers by ls = Ls/(Ls +Lu) and lu = Lu/(Ls +Lu), respec-

tively, and referring to per worker counterparts of aggregate variables with lowercase

letters such that y is output per worker, k is traditional capital per worker, and p is

automation capital per worker, we obtain per worker output as

y = [(1− β)lγs + β (p+ lu)
γ]

1−α
γ kα. (4)

This expression shows that the accumulation of traditional physical capital increases

the productivity of both types of labour, whereas automation competes with low-

skilled workers directly and with high-skilled workers indirectly depending on the

extent to which high-skilled workers can be substituted by low-skilled workers. In

essence, automation changes the property of labour in the fundamental sense that

labour becomes an accumulable production factor.

Rational investors would only invest in both types of capital if they deliver

the same rate of return such that an interior equilibrium with an endogenous split

of investment between traditional physical capital and automation capital requires

rK = rP . From the production function (1), it follows that the factor rewards for

traditional physical capital and for automation capital are given by, respectively,

rK = αKα−1 [(1− β)Lγs + β (Lu + P ) γ]
1−α
γ , (5)

rP = (1− α)βKα (Lu + P ) γ−1 [(1− β)Lγs + β (Lu + P ) γ]
1−α−γ

γ . (6)

Imposing the no-arbitrage condition rK = rP allows to derive the equilibrium stock

of traditional physical capital depending on automation capital and employment of
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both types of workers as

K =
α (Lu + P ) 1−γ [β (Lu + P ) γ + (1− β)Lγs ]

(1− α)β
. (7)

Clearly, an increase in the number of both types of workers raises the equilibrium

capital stock. The reason is that, if labour becomes more abundant, the return on

physical capital rises such that investors would choose to raise the stock of traditional

physical capital. Since automation capital is a perfect substitute for low-skilled

workers, its increase has the same effect on the equilibrium capital stock as an

increase in the number of low-skilled workers. Dividing Equation (7) by the number

of workers (L = Lu + Ls) provides the traditional physical capital stock per worker

(k = K/L) depending on automation capital per worker (p = P/L) and the fraction

of skilled and unskilled workers ls and lu, respectively:

k =
αβ (lu + p) + α(1− β)lγs (lu + p) 1−γ

(1− α)β
. (8)

Since ls and lu are constant because we abstract from endogenous education deci-

sions, the time derivative of capital per worker is given by

k̇ =
αβṗ+ α(1− β)lγs (1− γ) (lu + p) −γ ṗ

(1− α)β
. (9)

Aggregate investment I = sY is used to raise the stocks of both types of capital

such that the accumulation equation in per worker terms is given by ṗ + k̇ = sy −
(n+ δ)(p+ k), where n is the population growth rate. Plugging Equations (4) and

(9) into this expression, the evolution of automation capital per workers follows as

ṗ =

[
(1− α)β

β + α(1− β)lγs (1− γ) (lu + p) −γ

]
{
s [(1− β)lγs + β (p+ lu)

γ]
1−α
γ

[
αβṗ+ α(1− β)lγs (1− γ) (lu + p) −γ ṗ

(1− α)β

]α
−

(n+ δ)

[
p+

αβ (lu + p) + α(1− β)lγs (lu + p) 1−γ

(1− α)β

]}
. (10)

As is obvious, this expression cannot be solved explicitly for ṗ during the transition

period in which p is still very low. We therefore follow the standard practice in the

economic growth literature and focus on the long-run asymptotic solution to derive

our central analytical results.
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4 Results

If the saving rate s is low, the economy converges to a steady state in which the

per capita stocks of both types of capital are positive but do not grow such that

the economy stagnates as in the standard Solow (1956) model without technological

progress. However, there is the more interesting case of a long-run balanced growth

path along which the economy grows at a constant rate, despite the absence of

technological progress. Along this balanced growth path of the economy, p → ∞
such that the following asymptotic approximations hold

k =
αβ (lu + p) + α(1− β)lγs (lu + p) 1−γ

(1− α)β
≈ αp

1− α
⇒ kα ≈

(
α

1− α

)α
pα, (11)

(1− β)lγs + β (p+ lu)
γ ≈ βpγ, (12)

[(1− β)lγs + β (p+ lu)
γ]

1−α
γ ≈ β

1−α
γ p1−α, (13)

(1− α)β

β + α(1− β)lγs (1− γ) (lu + p) −γ ≈ 1− α. (14)

In Appendix A we use these approximations and the evolution of automation cap-

ital per worker (10) to derive the following constant asymptotic growth rate g for

automation capital per worker

g =s · β
1−α
γ · αα(1− α)1−α − (n+ δ). (15)

Furthermore, using the asymptotic approximations k = α/(1−α)p and k̇ = [α/(1−
α)]ṗ in the long run, it follows that the balanced growth path involves k̇/k = ṗ/p.

Finally, Equation (4) implies that per capita output also grows at rate g because

ln(y) =
1

γ
(1− α) · ln [(1− β)lγs + β (p+ lu)

γ] + α · ln(k)

≈ 1

γ
(1− α) · ln (βpγ) + α · ln(k)

⇒ dln(y)

dt
= gy = (1− α)gp + αgk = g. (16)

Altogether, the economy therefore exhibits a long-run balanced growth rate g that

is positive as long as

s · β
1−α
γ · αα(1− α)1−α > (n+ δ).

If this inequality is not fulfilled, the economy converges to the standard steady state

of the Solow (1956) model without technological progress in which the economy
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stagnates. From this, our first central result follows immediately.

Proposition 1. Consider our variant of the Solow (1956) model with high-skilled

workers, low-skilled workers, and the possibility of full automation of the tasks per-

formed by low-skilled workers and imperfect automation of the tasks performed by

high-skilled workers. In this setting, there exists a balanced growth path with positive

long-run economic growth at the rate g given by Equation (15). This growth rate in-

creases with the saving rate (s) and with the substitutability between low-skilled and

high-skilled workers (γ), whereas it decreases with the rates of population growth (n)

and depreciation (δ).

Proof. The proposition follows immediately from inspecting Equation (15) and not-

ing that β < 1 such that an increase in γ raises the first term in this expression.

The results in Proposition 1 generalize the results of Prettner (2018) to a model

with i) two different types of workers that have different levels of skills, where low-

skilled labour is easier to substitute by automation than high-skilled labour and ii)

an endogenous share of investment that is diverted to traditional physical capital.

The intuition for the finding of perpetual growth in the absence of technological

progress is that automation turns labour into an accumulable production factor,

which prevents the marginal product of traditional physical capital from declining.

As far as the dependence of the long-run growth rate on the parameters is con-

cerned, i) a rise in the saving rate raises economic growth because it implies that

both types of capital accumulate at a faster rate if households divert a larger fraction

of their income to saving, ii) a rise in the population growth rate leads to faster di-

lution of both types of capital and thereby reduces economic growth, and iii) faster

depreciation reduces the accumulation of both types of capital and thereby also

reduces economic growth.

In addition, the substitutability between low-skilled and high-skilled workers

plays a crucial role. The easier it is to substitute between the two types of workers,

the easier it is for automation capital to raise the amount of effective labour in the

economy, i.e., the easier it is to turn the whole composite labour input in production

into an accumulable production factor. Consequently, the better low-skilled workers

and high-skilled workers can be substituted, the stronger is the growth effect of

automation.

Next, we focus on the distributive effects of automation and state our second

central result.

Proposition 2. Consider our variant of the Solow (1956) model with high-skilled

workers, low-skilled workers, and the possibility of full automation of the tasks per-
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formed by low-skilled workers and imperfect automation of the tasks performed by

high-skilled workers. In this setting, the accumulation of automation capital leads to

i) decreasing wages of low-skilled workers,

ii) decreasing wages of high-skilled workers if low-skilled workers and high-skilled

workers are easy to substitute,

iii) an increasing skill premium.

Proof. Assuming perfect competition, the wages of high-skilled workers (ws) and

the wages of low-skilled workers (wu) are

ws = (1− α)
Y

L1−γ
s

1− β
(1− β)Lγs + β (P + Lu)

γ , (17)

wu = (1− α)
Y

(P + Lu)1−γ
β

(1− β)Lγs + β (P + Lu)
γ . (18)

The effect of an increase in the stock of automation capital on the wages of low-

skilled workers is given by

∂wu
∂P

=
(1− α)βY

(P + Lu)2−γ
{(1− α− γ)β (P + Lu)

γ − (1− γ) [(1− β)Lγs + β (P + Lu)
γ]}

[(1− β)Lγs + β (P + Lu)
γ]

2 .

(19)

Since (1 − α − γ)β (P + Lu)
γ < (1 − γ)β (P + Lu)

γ and we focus on the case of

γ ∈ (0, 1) in which the two types of workers are gross substitutes, the numerator

of the second term is always negative and so is the whole derivative. Thus, the

accumulation of automation capital reduces the wages of low-skilled workers. This

proves part i) of the proposition.

The effect of an increase in the stock of automation capital on the wages of

high-skilled workers is:

∂ws
∂P

=

= (1− α)Y
(1− β)βLγs

Ls(P + Lu)1−γ
1− α− γ

[(1− β)Lγs + β (P + Lu)
γ]

2 =

≥ 0 for 1− α ≥ γ,

< 0 for 1− α < γ.

(20)

The influence of automation on the wages of high-skilled workers is therefore am-

biguous and depends on the substitutability between both types of labour. If γ is

high and substitution is easy, an increase in the use of robots even reduces the wages
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of high-skilled workers. The reverse holds true for a low γ. This proves part ii) of

the proposition.

The skill premium is defined as the ratio of the wages of high-skilled workers to

the wages of low-skilled workers and amounts to

ws
wu

=
1− β
β

(
P + Lu
Ls

)1−γ

. (21)

As long as γ ∈ (0, 1), which is the empirically relevant case of imperfect substitution

between the two types of skills, an increase in the stock of automation capital P

raises the skill premium. This proves part iii) of the proposition.

The intuition for part i) is that competition by automation reduces the wages

of workers whose tasks can easily be performed by machines. However, and this is

shown in part ii) of the proposition, also the wages of high-skilled workers could be

negatively affected by automation if low-skilled workers and automation capital can

easily be used as a substitute for high-skilled workers. Since the wages of high-skilled

workers either increase with the extent of automation – or at least decrease by less

than the wages of high-skilled workers – this implies a rising skill premium, i.e., it

implies part iii) of Proposition 2.

Figure 2: Phase diagram of the evolution of k and p (left) and growth rates of k and
p during the transition to the asymptotic growth rate g (right).

Up to now, we considered the asymptotic analytical results of the model for the

long-run balanced growth path. Next we illustrate the transitional dynamics of the

model for situations in which the long-run relation between k and p is not yet close

to the steady state. In addition, we use the numerical illustrations to show how

well the model can explain i) the growth of per capita GDP that we observed in the
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United States over the past 40 years and ii) the evolution of the skill premium over

the same time period.

The left diagram in Figure 2 displays the phase diagram of the model for the

parameter values in Table 1. We observe that, irrespective of the initial levels of

k and p, there is convergence to the long-run solution as depicted by the solid line

that starts at the origin. Altogether, there is long-run growth of k and p. This is

also illustrated in the right diagram, which displays the growth rates of k and p that

converge to the asymptotic long-run solution g.

Table 1: Parameter values for simulation

Parameter Value Justification

s 21% Average long-run value in the US (Grossmann et al., 2013)
n 0.9% Average population growth rate in the US (World Bank, 2016)
δ 4% Standard value in the literature (Grossmann et al., 2013)
α 0.33 Standard Value in the literature (Grossmann et al., 2013)
β 0.5 Normalized for illustrative purposes
γ 0.7 To fit the per capita growth rate and the skill premium
ls 23% Average long-run share in the US

In the left diagram in Figure 3, we depict the scaled evolution of per capita

GDP as observed in the United States (dashed line) versus the predictions of the

model (solid line). In the right diagram in Figure 3, we do the same for the skill

premium. Altogether, we observe that the model is able to replicate the evolution of

per capita GDP and the skill premium reasonably well. However, we overestimate

growth in per capita GDP and in the skill premium slightly. Considering that the

model is a very stylized depiction of the economy that abstracts from many features

of actually existing economies (e.g., endogenous responses in the education decisions

of individuals), this is not surprising.

To summarize, our results show that automation leads to rising per capita GDP

and rising wage inequality. This development is in line with the data for the United

States since the 1970s as presented in Acemoglu and Autor (2012) and Autor (2014)

and as illustrated in Figures 1 and 3. Thus, automation is likely to be an impor-

tant aspect that deserves more attention when explaining the past three decades of

economic development.
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Figure 3: Per capita GDP of the model solution versus scaled per capita GDP in
the United States for the period 1970 to 2010 (left) and model solution for the skill
premium versus the skill premium in the United States for the period 1970 to 2010
(right).

5 Conclusions

We analyse the effects of automation in a model with low-skilled and high-skilled

workers in which low-skilled workers are easier to automate than high-skilled work-

ers. We show that i) there is the possibility for perpetual economic growth despite

the absence of technological progress, ii) automation decreases the real wages of

low-skilled workers and has the potential to even decrease the wages of high-skilled

workers, iii) automation raises the skill premium. All three results are consistent

with the experience of the United States over the past decades and help to ex-

plain why the less well-educated did not benefit from economic growth. As such,

automation is an important aspect in the explanation of the evolution of income

inequality.

A central policy implication of our model is to invest in higher education in the

face of automation. Doing so has the potential to raise the share of high-skilled

workers in the economy. Since they are not as susceptible to automation as low-

skilled workers, such an education policy could dampen the effect of automation on

wage inequality and allow a larger part of the population to benefit from the gains

due to automation-driven economic growth.

For future research, it would be interesting to include skill-biased technological

change, globalization, and automation within a single framework to quantify the

relative importance of the different mechanisms. Clearly, such a project would not

be analytically tractable and rather constitute a large-scale simulation study that is

beyond the scope of the present paper.
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Appendix

A Derivation of the steady-state results

The factor rewards for physical capital and automation capital pin down to

rK = αKα−1 [β (Lu + P ) γ + (1− β)Lγs ]
1−α
γ , (22)

rP = (1− α)βKα (Lu + P ) γ−1 [β (Lu + P ) γ + (1− β)Lγs ]
1−α−γ

γ . (23)

The no-arbitrage condition states that rK = rP such that, after solving for K, we

arrive at

K =
α (Lu + P ) 1−γ [β (Lu + P ) γ + (1− β)Lγs ]

(1− α)β
. (24)

Dividing by L = Lu + Ls yields

K

L
= k =

α (lu + p) 1−γ [β (lu + p) γ + (1− β)lγs ]

(1− α)β
(25)

=
αβ (lu + p) + α(1− β)lγs (lu + p) 1−γ

(1− α)β
. (26)

Taking the derivative with respect to time under the assumption that ls and lu are

constant, we arrive at

k̇ =
αβṗ+ α(1− β)lγs (1− γ) (lu + p) −γ ṗ

(1− α)β
. (27)

Investment I = sY is split into capital and robots such that we have

ṗ+ k̇ = sy − (n+ δ)(p+ k) (28)
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in per worker terms. Plugging (27) into this expression yields

ṗ+
αβṗ+ α(1− β)lγs (1− γ) (lu + p) −γ ṗ

(1− α)β

= ṗ

(
1 +

αβ + α(1− β)lγs (1− γ) (lu + p) −γ

(1− α)β

)
= ṗ

(
(1− α)β

(1− α)β
+
αβ + α(1− β)lγs (1− γ) (lu + p) −γ

(1− α)β

)
= ṗ

(
β + α(1− β)lγs (1− γ) (lu + p) −γ

(1− α)β

)
︸ ︷︷ ︸

c(p)

(28)
= sy − (n+ δ)(p+ k)

⇔ ṗ =
1

c(p)
[sy − (n+ δ)(p+ k)]

(8)
=

1

c(p)

[
sy − (n+ δ)

(
p+

αβ (lu + p) + α(1− β)lγs (lu + p) 1−γ

(1− α)β

)]
.

Plugging in y yields

ṗ =
1

c(p)

[
s [(1− β)lγs + β (p+ lu)

γ
]
1−α
γ kα − (n+ δ)

(
p+

αβ (lu + p) + α(1− β)lγs (lu + p) 1−γ

(1− α)β

)]
.

(29)

Next, we divide by p to get to the growth rate of the robot stock per capita:

ṗ

p
=

1

p

1

c(p)

[
s [(1− β)lγs + β (p+ lu)

γ
]
1−α
γ kα − (n+ δ)

(
p+

αβ (lu + p) + α(1− β)lγs (lu + p) 1−γ

(1− α)β

)]
.

(30)

To arrive at the solution in which long-run economic growth is positive, we need

to have that ṗ/p > 0 for p → ∞. As 1/[c(p)p] > 0, we only need to look at the

asymptotics of sy − (n+ δ)(p+ k). For p→∞, we observe the following:

k =
αβ (lu + p) + α(1− β)lγs (lu + p) 1−γ

(1− α)β
≈ αp

1− α
,

kα ≈
(

α

1− α

)α
pα,

(1− β)lγs + β (p+ lu)
γ ≈ βpγ,

[(1− β)lγs + β (p+ lu)
γ]

1−α
γ ≈ β

1−α
γ p1−α.
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Thus, the term in squared brackets in Equation (30) is positive for p→∞ if

sβ
1−α
γ p1−α

(
α

1− α

)α
pα − (n+ δ)

(
α

1− α
+ 1

)
p > 0

⇔ sβ
1−α
γ

(
α

1− α

)α
> (n+ δ)

(
1

1− α

)
⇔ sβ

1−α
γ αα(1− α)1−α > n+ δ. (31)
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• The real wages of low-skilled workers have been shrinking in the US since decades 
• Per capita output and the wages of high-skilled workers have been increasing 
• We propose an economic growth model with automation to explain these trends 
• Automation has the potential to raise economic prosperity but also wage inequality 
• Investments in higher education can reduce the effect of automation on inequality 
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Pros

	 Policy can eliminate technology-induced joblessness.

	 Labor can gain from labor-saving and capital- 
saving technologies if its supply is less elastic than 
capital’s.

	 Skill-biased technical change could raise the relative 
demand for skilled workers faster than the supply of 
skilled workers increases.

	 Workers can earn more of their income from capital 
than from working—by owning part of the robots 
that replace them.

ELEVATOR PITCH
Robots, that is any sort of machinery from computers 
to artificial intelligence programs that provides a good 
substitute for work currently performed by humans, 
can increasingly replace workers, even highly skilled 
professionals, and thus reduce opportunities for good 
jobs and pay.  But, with appropriate policies, the higher 
productivity due to robots can improve worker well-being 
by raising incomes and creating greater leisure for workers. 
Consider the way Google reduces the need for reference 
librarians and research assistants, or the way massive 
open online courses reduce the need for professors and 
lecturers. How these new technologies affect worker well-
being and inequality depends on who owns them.

AUTHOR’S MAIN MESSAGE
As companies substitute machines and computers for human activity, workers need to own part of the capital stock that 
substitutes for them to benefit from these new “robot” technologies. Workers could own shares of the firm, hold stock 
options, or be paid in part from the profits. Without ownership stakes, workers will become serfs working on behalf of the 
robots’ overlords. Governments could tax the wealthy capital owners and redistribute income to workers, but that is not 
the direction societies are moving in. Workers need to own capital rather than rely on government income redistribution 
policies.

Cons

	 Robots, software, and apps are replacing labor. 
Robots could take the good jobs at high pay and 
leave the low-pay jobs to humans.

	 The distribution of income in advanced countries 
has shifted toward capital.

	 The ownership of robots is the prime determinant 
of how they affect most workers.

Who owns the robots rules the world
Workers can benefit from technology that substitutes robots or other 
machines for their work by owning part of the capital that replaces them
Keywords:	 robots, job displacement, lower pay, income inequality, employee ownership

KEY FINDINGS

Source: Data from St Louis Federal Reserve.
Online at: http://research.stlouisfed.org/fred2/.
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MOTIVATION
What explains the high rate of joblessness, slow growth of real wages, and continued 
inequality in many advanced countries years after the Great Recession? Some analysts and 
headline writers believe that the development of robots and other machines with artificial 
intelligence explains much of the jobs problem (see Robot substitutes for human labor). 
Behind the headlines are advances in artificial intelligence that create machines that are far 
better substitutes for human intelligence than seemed possible just a few years ago: the Google 
driverless car; the chess-playing computer Deep Blue, beating Kasparov as world champion; 
Watson, the artificially intelligent computer system, becoming the greatest Jeopardy player; 
the Google search engine knowing more than any of us on every subject.

Robot substitutes for human labor

The term “robots” refers broadly to any sort of machinery, from computers to artificial 
intelligence programs, that provides a good substitute for work currently performed by humans. 
This ranges from computers with artificial intelligence programs that bear no resemblance 
to humans, to robot vaccuum cleaners and Google cars, to social robots designed to look 
and act as if they are human. It does not matter whether a robot/machine has a humanoid 
appearance, as long as it can perform human functions. Advances in computer power and 
the development of artificial intelligence programs and wiring of microchips that can assess 
information and make decisions are rapidly improving the ability of machines to perform 
complicated tasks that seemed impossible just a decade or so ago. Taking the continuing 
progress in developing smarter technologies as a given, the focus here is on the social and 
economic issue of the ownership of these technologies.

DISCUSSION OF PROS AND CONS
The 2012 publication Race against the Machine makes the case that the digitalization of work 
activities is proceeding so rapidly as to cause dislocations in the job market beyond anything 
previously experienced [1]. Unlike past mechanization/automation, which affected lower-skill 
blue-collar and white-collar work, today’s information technology affects workers high in the 
education and skill distribution. Machines can substitute for brains as well as brawn. On one 
estimate, about 47% of total US employment is at risk of computerization [2].

If you doubt whether a robot or some other machine equipped with digital intelligence 
connected to the internet could outdo you or me in our work in the foreseeable future, consider 
news reports about an IBM program to “create” new food dishes (chefs beware), the battle 
between anesthesiologists and computer programs/robots that do their job much cheaper, 
and the coming version of Watson (“twice as powerful as the original”) based on computers 
connected over the internet via IBM’s Cloud [3]. On the darker side, you do not have to be 
paranoid to be paranoid about the potential technologies that the super-secret computers of 
the US National Security Agency (NSA) have on their digital drawing-boards.

Dr Who, on behalf of humanity, please give up acting on the 50th anniversary BBC show! 
Come back to the real world and stop the NSA’s Daleks and Cybermen before it is too late!

While concern about the economics of computerization is widespread, many observers 
view the notion that robots destroy jobs as misguided technocratic thinking, science-fiction 
fantasy, or neo-Luddite nonsense. Fears of machines creating mass unemployment arose 
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during some past periods of extended joblessness and were proved false as the economy 
recovered full employment. In the Great Depression, US President Franklin D. Roosevelt 
blamed unemployment on his country’s failure to employ the surplus labor created by the 
efficiency of its industrial processes [3], while the technocracy movement sought to resolve the 
problem by replacing markets with planning by engineers. In the early 1960s, widespread fears 
that automation was eliminating thousands of jobs per week led the Kennedy and Johnson 
administrations to examine the link between productivity growth and employment. In the 
1990s, Jeremy Rifkin predicted that technology would produce the “End of Work”—just before 
the dot.com boom raised the ratio of employees to the adult population in the US to an all-
time peak [4].

What happens to employment and leisure?

Mainstream economists’ traditional response to the fear of automation and robots is the 
professional version of Alfred E. Neuman’s “What, me worry?” response to life: “The 
market will take care of everything.” If the new technologies create some joblessness, a bit of 
expansionary macro fiscal and monetary policy will guarantee sufficient demand to restore 
full employment. If, in the distant future, people are satiated with consumption goods and 
services, the economist’s answer is also reassuring: People will simply reduce their hours at 
work and allocate more time to leisure, as Keynes predicted in his 1930 article on “Economic 
Possibilities for Our Grandchildren” [5].

How will we spend our leisure in this ideal state? Perhaps as we increasingly do now—playing 
computer games and watching videos. If the computer stomping us in digital war or sports 
contests discourages us from becoming gamers, or if TV soap operas get boring, we can try the 
kinds of activity that Keynes presumably envisaged: lawn tennis or cricket, tea in the garden, 
admiring great art or symphonic music.

Economics holds that comparative advantage rather than absolute advantage determines 
trade. By extension, even if robots and other machines dominate humans at all jobs, 
comparative advantage guarantees that we will find work at the activities where the relative 
advantage of machines is least. If you understand comparative advantage but still fear robots 
turning you jobless, technophiles of innovation will denounce you as a neo-Luddite alarmist, a 
socialist, or a sociologist—or something worse.

What happens to wages and incomes?

Employment, however, is just one side of the labor market calculus. What happens to wages 
is also important to well-being. If robots take the good jobs at high pay and humans get 
the low-pay leftovers, the living standards of persons dependent on labor income will fall. In 
such a scenario, Luddite fears would appear more realistic than assurances that comparative 
advantage guarantees work for all in a well-functioning economy.

But economics has a response to this danger. Herbert Simon’s 1965 analysis of technological 
change showed that, in a well-functioning market economy, labor gains from labor-saving and 
capital-saving technologies—as long as the labor supply curve is less elastic than the capital 
supply curve [6]. In a full-employment economy, any technological advance raises the pay for 
the input with inelastic supply relative to the input with elastic supply. By treating capital as 
elastic and labor as inelastic, Simon essentially put Malthus upside down.



IZA World of Labor | May 2015 | wol.iza.org
4

Richard B. Freeman  |  Who owns the robots rules the world

﻿﻿

The historical facts fit Simon’s model. On the price side, the real return to capital has been 
roughly constant in the long run, which implies an infinitely elastic supply curve, while real 
wages have trended upward. On the quantity side, the stock of physical capital and the stock of 
knowledge capital have increased massively relative to labor. The world population has grown 
but birth rates have plummeted as societies have become richer, suggesting that population 
growth will continue to fall far short of the growth of knowledge and capital. But Simon 
treated labor as homogeneous, and ignored the distribution of ownership of robots and 
related machines that is central to analyzing the impact of robots/mechanization on society.

Treating labor as heterogeneous under skill-biased technical change

Labor economists treat labor as heterogeneous by making wage differences between skilled or 
educated workers and less skilled/less educated workers a prime area of research. Some analysts 
examine the job tasks and specific skills used in different occupations. As skill differentials 
increased over the past 40 years, despite a huge shift in the workforce toward skilled labor, 
many analysts have sought to explain the pattern of change in terms of skill-biased technical 
change that raised relative demand for skilled workers faster than the increasing supply of 
skilled workers. As we lack independent measures of the bias of technological change, it is 
hard to “prove” that technology does what the models claim it does. In almost all studies, 
technological change is an unmeasured factor operating behind the scenes.

The skill-biased story can explain some of the main facts, which is why economists devised 
it, although it does not fit all of the data [7]. And there is evidence that factors beyond 
technology—such as trade and immigration from low-wage, highly populous countries to 
advanced countries, and the weakening of trade unions throughout the advanced world—have 
also contributed to increased skill differentials and inequality. Since all advanced countries 
have access to the same technologies and have increased their supply of highly educated and 
skilled workers, moreover, the skill-bias hypothesis offers little insight into the different levels 
of inequality among countries. Inequality is higher in countries like the US, where labor market 
institutions such as trade unions and welfare state protections for workers are weak, than in 
countries where those institutions are stronger, as they are in many European countries.

The skill biased technology hypothesis captures part of reality but falls far short of a complete 
explanation of rising skill differentials and inequality, much less of changes in employment and 
unemployment over time and among countries. Moreover, to the extent that robotization has 
begun to extend up the skill ladder, with robots able to substitute for professionals as well as 
other workers, the bias of labor-saving technology will change. It is perhaps telling that the 
box of headlines on job-replacing robots shows no particular bias by level of skill. Whenever 
any task becomes cheaper to do with a machine than a person, eventually that task will shift 
to the machine unless humans take pay cuts. The “iron law” of the effect of robots on pay 
is that increased substitutability with human skills puts downward pressure on the wages of 
persons doing competing tasks–a pressure likely to grow in the future as technology improves 
the competence of robots and lowers their cost.

Inequality in income and in capital

If “robots” are capital equipment that embodies modern technology, the distribution of 
income in virtually all advanced countries has shifted toward robots/capital and against labor 
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Robots vs workers: Recent headlines from news articles on robots and work

•• Dorrier, J. “Burger robot poised to disrupt fast food industry.” SingularityHUB, August 8, 
2014.

•• Kotler, S. “The uncanniest valley: What happens when robots know us better than we 
know ourselves.” Forbes, July 20, 2014.

•• Meltzer, T. “Robot doctors, online lawyers and automated architects: The future of the 
professions?” The Guardian, June 15, 2014.

•• North, A. “Our robot nightmares.” New York Times Op-Talk, June 29, 2014.

•• Lewis, C. “GoCart robot delivers food in elderly and health care facilities.” RobotEnomics, 
September 1, 2014.

•• O’Toole, J. “Robots will replace fast-food workers.” CNN Money, September 4, 2014.

•• Jordan, B. “Chinese test self-printing robots.” Fox News, March 4, 2014.

•• “DR Congo recruits robots as traffic police.” Al Jazeera, March 20, 2014.

•• Gaudin, S. “Robots are taking mid-level jobs, changing the economy.” ComputerWorld, 
October 31, 2011.

•• Peplow, M. “Organic synthesis: The robo-chemist.” Nature 512 (2014): 20–22.

•• Klein, E. “How robots will replace doctors.” The Washington Post, October 1, 2011.

•• Aquino, J. “Nine jobs that humans may lose to robots.” NBC News.com, 2012.

•• “One in three jobs will be taken by software or robots by 2025.” Slashdot, October 6, 
2014.

•• Worstall, T. “Phew, the robots are only going to take 45 percent of all the jobs.” Forbes, 
September 18, 2013.

•• Miller, C. “As robots grow smarter, American workers struggle to keep up.” New York 
Times: The Upshot, December 15, 2014.

•• Szondy, D. “Lowe’s trials robot sales assistants.” Gizmag, November 4, 2014.

•• Niiler, E. “HERB: A robot that can unload a dishwasher and (sometimes) take apart an 
Oreo.” The Washington Post, September 15, 2014.

•• Eyre, M. “‘Boris’ the robot can load up dishwasher.” BBC News, September 14, 2014.

•• Flowers, A. “If a computer can diagnose cancer, will doctors become obsolete?” 
FiveThirtyEight, August 22, 2014.

•• Dorrier, J. “Robots able to pick peppers, test soil, and prune plants aim to replace farm 
workers.” SingularityHUB, November 8, 2014.

for the past two decades. From 1990 to 2009 the share of national income in wages, salaries, 
and benefits declined in 26 of 30 OECD countries, including all of the large economies—those 
of the US, Germany, Japan, the UK, and France [8]. Labor’s share of national income declines 
when productivity increases faster than real wages.
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The magnitude of the declines varies: with the way national surveys measure wages, prices, 
gross domestic product (GDP), and employment; with the proportion of the workforce 
that is self-employed; with the difficulty of measuring labor and capital inputs; and with the 
proportion in the public sector, where productivity is hard to measure. In the US, labor’s share, 
as estimated by the Bureau of Labor Statistics, fell more than labor’s share as estimated by the 
Department of Commerce, and both differ from the OECD’s estimates of the decline in labor’s 
share. In developing countries, where many workers are in the informal sector, measurement 
difficulties are greater than in the advanced countries, but the share of national income going 
to labor seems also to have fallen, with a huge drop in China during its period of rapid growth. 
Given that capital income is distributed more unequally than labor income, the increased 
share of national product going to capital acts to raise income inequality in all countries.

Labor market analysis of inequality focuses, as noted, on incomes from labor. But here, too, 
capital is a substantial contributor to inequality. It is a substantial contributor to inequality 
in labor incomes because highly paid chief executive officers (CEOs) and top executives are 
paid stock options, restricted stock grants, and bonuses tied to capital income. While mode 
of pay does not tell the whole story (CEO-dominated boards could raise salaries if they were 
unable to pay executives through shares), it is telling that the persons with the greatest power 
in corporations prefer to be paid as owners rather than as wage and salary workers.

How should the increase in income inequality be assessed? Ages ago, when taxes on 
individuals and corporations were high and the distribution of wages relatively compressed 
in most advanced countries, the notion that greater inequality might spark innovation and 
economic growth had some plausibility. Some inequality is a necessary incentive to induce 
people to work harder. Narrowing the distribution of income and taxing businesses that make 
large profits through innovation reduces the incentive for entrepreneurship that is one of the 
virtues of capitalism. But today, after three decades or so of income redistribution from the 
middle class to the super-wealthy, that sort of argument has little traction. Organizations that 
favored labor market reforms that increased inequality, such as the OECD, now worry that 
“greater inequality in the distribution of market income...might endanger social cohesion” [8]. 
Others worry about the well-being of low-income citizens and their children as real wages and 
incomes fall. If the trend toward greater inequality continues, our societies will turn into a 
modern form of feudalism, with a few billionaires and their ilk dominating economic markets 
and governments as well, just as the lords and ladies of medieval Europe dominated their 
societies. The founders of the US believed that democracy could not survive with such high 
levels of inequality.

Ownership is the key determinant of the impact of robots on workers

The “who-owns-the-robots-rules-the-world” thesis is simple: Regardless of whether 
technological advance is labor-saving or capital-saving, skill-biased or not, and regardless of 
the speed with which robots or other machines approach or exceed human skill sets, the key to 
the effect of the new technologies on the well-being of people around the world is who owns 
the technologies.

A thought experiment readily captures the importance of ownership on effect. Consider a 
world in which we create robots/machines that are sufficiently good at mimicking our work 
activities that they could readily replace us and earn what we currently earn. Would this 
technology make us better off, or worse off?
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If we owned our replacements, we would have our current earnings and our time freed from 
labor to spend as we wished—playing computer games, drinking tea in the garden, engaging  
in wild orgies, or seeking other productive activity, possibly at lower wages. We would be 
better off.

If other persons owned our replacement robots, we would be jobless and searching for new 
work at lower pay while the owners of the robots would reap the pay/marginal product from 
the machines that took our jobs. The distribution of income would shift from us toward the 
owners of capital. They would be better off. We would be worse off.

Replacement robots far-fetched?

In the academic world the replacement robots are in clear sight. They go under the name 
of Massive Open Online Courses (MOOCs), which allow students anywhere in the world to 
download lectures produced by video experts, with access to chat rooms for discussions. 
Many colleges and universities credit students for taking MOOCs just as they do for taking 
live lectures. MOOC videos can feature famous professors at leading universities, regular 
faculty at any college or university, or whoever or whatever can produce a course that teaches 
students the relevant knowledge and skills. Because videos have effectively zero marginal cost 
to replicate, they are far less expensive than hiring full-time faculty to lecture students on the 
same material semester after semester.

Now imagine that you are one of the faculty who currently gives lectures as part of your job. 
Each semester you explain multivariate calculus and complex numbers using a blackboard and 
chalk. Suddenly your university announces that they have found the “killer MOOC video” for 
calculus and complex numbers, and give you your walking papers. Students around the world 
would much prefer to have the Rapping Mathster on the MOOC video teach them calculus 
and complex numbers than some babbling professor.

Perhaps you will find work as a temporary offline adjunct faculty, running sections and 
grading exams at reduced pay. Perhaps you will curse the MOOC video and leave academia 
(and maybe end up on Wall Street, where you can help other displaced quants destroy the 
world’s financial system for the second time). Only if you had property rights over using the 
new technology in your course or shares in the firm that made the video would you directly 
benefit from MOOC technology. Who owns the property rights to the videos/robots rules the 
higher education world.

Solution?

What, then, is the solution to the declining economic position of labor in relation to capital, 
and the increased ability of robots and related technology to substitute for workers on many 
tasks?

One possibility is that trade unions could raise wages through collective bargaining and gain 
for workers a share of the higher productivity. That is the way workers have historically sought 
to increase their wages when firms have done better. But throughout the advanced world the 
influence of trade unions has weakened, becoming near to irrelevant in the private sector in 
some countries, such as the US.

Another possibility is that governments could use tax-and-spend policies to redistribute income 
toward lower-income citizens. That is the way welfare states have historically shifted income 
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distributions from high-income to low-income citizens. But throughout the advanced world 
budgetary constraints and aging populations limit what most can do on the welfare side. In 
countries facing financial problems, the Troika—the International Monetary Fund (IMF), the 
European Commission, and the European Union (EU) Central Bank—have endorsed austerity 
programs that require countries to adopt policies that weaken trade unions, and reduce the 
pay and social benefits of ordinary workers. To be sure, social and political forces can change 
sharply in short periods of time. Big changes almost always come in short, sharp spurts. But it 
is difficult to see a burst of union activism and government programs changing the distribution 
of income toward labor in a future when robots are increasingly able to substitute for humans 
at workplaces.

Robots of the world unite? Maybe, but that may not benefit those of us who are flesh and 
blood instead of metal and circuits.

There is only one solution to the long-term challenge posed by machines substituting for 
human skills and reducing demand for skilled labor. That is for you, me, all of us to have a 
substantial ownership stake in the robot machines that will compete with us for our jobs 
and be the vehicle for capital’s share of production. We must earn a substantial part of our 
incomes from capital ownership rather than from working. Unless workers earn income from 
capital as well as from labor, the trend toward a more unequal income distribution is likely 
to continue, and the world will increasingly turn into a new form of economic feudalism. We 
have to widen the ownership of business capital if we hope to prevent such a polarization of 
our economies.

There are diverse pathways to spread the ownership of capital. Ownership can take the form 
of worker assets in private pension funds or other collective savings vehicles that invest in 
shares on the stock market or that invest directly in equity in other firms. It can also take the 
form of workers buying shares or putting money in mutual funds themselves. But the form of 
ownership that potentially has the greatest economic benefit in dealing with robotization and 
the falling share of labor income is employee ownership.

Employee ownership refers to the many mechanisms for workers to gain an ownership stake 
in their firm: through owning shares held by an employee ownership trust; through receiving 
stock options as part of their pay; through having part of their pay come in the form of profit- 
sharing or other forms of group incentive pay; through being able to buy shares at low prices 
via employee stock purchase plans.

Firms with compensation policies that give workers some capital stake in their firm have 
better average performance than others. They do this by inducing workers to work harder and 
smarter [9]. Exemplar firms throughout the world operate in these ways: John Lewis in the UK, 
Mondragon in Spain, and Google and most of the high-tech firms in the US.

LIMITATIONS AND GAPS
Because there are no independent measures of technological change, proving that technology 
does what models claim that it does is difficult. A skill-biased model can explain some of the 
facts but does not fit all the data. And factors beyond skills also contribute increased skill 
differentials and technology.

Labor market analysis of inequality focuses on incomes from labor, but capital is a substantial 
contributor to inequality.
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SUMMARY AND POLICY ADVICE
Stipulate that the main claims of this paper are correct: that the upward trend in capital’s 
share and rising inequality combined with advances in artificial intelligence and robotization 
are moving our societies toward a 21st-century economic feudalism in which the owners of 
capital dominate the economy, and society more broadly. The problem in such a world is not 
workers losing jobs to machines. As long as the relative advantage of machines varies, there 
will be work for humans. The problem is that the owners of the machines will receive the 
vast bulk of the benefits of the technological progress. Whether such inequality will threaten 
social disorder, as the OECD and many other groups fear that current inequalities may do, 
or whether people will accept the new feudal order, is still unknown. But a world of massive 
inequality is surely not the most desirable outcome from technological change that can make 
everyone better off.

The best solution to this problem is for workers to own large shares of capital. How can citizens 
press policymakers to help spread employee ownership more widely? The US introduced tax 
benefits for Employee Stock Ownership Plans (ESOPs) in 1974, which helped spur a large 
ESOP sector that employs about 11 million workers today. The EU has endorsed such 
schemes in its various Pepper Reports and encouraged these forms of organization, though 
with, at best, modest success [10]. France mandated profit-sharing in the 1960s under de 
Gaulle. Tory and Labour governments in the UK have encouraged employment share purchase 
schemes. Many countries give tax breaks to employee stock purchase plans. But even without 
such breaks, enough firms in the US have extended some form of ownership stake to their 
workers that on the order of half of American employees get some part of their pay through 
profit-sharing, options, or stock ownership. In the US, at least, people with widely different 
ideological and economic views find attractive the notion of spreading ownership. One can 
imagine governments giving preferential treatment in procurement to firms that meet some 
basic “employee ownership” financial standard.

Given the different histories and economic structures of the advanced capitalist countries, 
each country will have to choose the way that best fits it to spread worker ownership of capital 
so as to give a stream of earnings from the technologies changing the world of work. If we 
don’t succeed in spreading the ownership of capital more widely, many of us will become serfs 
working on behalf of the owners. Who owns the robots rules the world! Let us own the robots.
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The Chinese government has identified industrial robots as crucial to the country’s
economic strategy, using its 14th Five-Year Plan to announce that China will be a
key source of global robotics innovation by 2025.  

Research analyst Daisy Zhang, part of Macquarie’s Asia Equity Research team, says
that while some of the impetus for this announcement comes from a desire to
break the current reliance on expensive imported robots by building domestic
capability, there are deeper economic factors at play. 

Robots are vital to China’s high- tech
manufacturing sector, which will grow in
importance over the coming years. But
they could also be an effective tool for
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addressing many of the structural issues
the economy is likely to face, specifically
when it comes to an ageing population."

Daisy Zhang
Asia Equity Research team, Macquarie Capital

China’s robotics sector today

For almost a decade now, China has been the world’s largest market for robotics. 
In 2020 alone, it installed 140,500 robots, accounting for as much as 44 per cent of
all installations globally.  More importantly, the sector is expected to grow at a
capitalised annual growth rate (CAGR) of 20 per cent in the five years to 2025. As a
result, in 2020, robotics manufacturing density reached 246 units per 10,000
people, or almost twice the global average .  

Market size of industrial robots in China - 2017-2025E

Source: MIR, Macquarie Research, April 2022

Proportionally, these robots are being used to perform handling operations (42 per
cent), electronics (37 per cent), welding (21 per cent) and automotive tasks (16
per cent). And, to date, the majority of the robots carrying out these operations
have been imported ones. In 2019, China sourced around 71 per cent of new
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robots from foreign suppliers - most notably Japan, the Republic of Korea, Europe
and the United States.   

China's source of robots

Source: MIR, Macquarie Research, April 2022

China’s Ministry of Industry and Information Technology says that it will become
the most robot-intensive country in the world by 2025. To achieve this, it will
establish three to five robotics industry zones and double the intensity of robot
manufacturing. In doing so, it will develop robots to work on tasks across 52
nominated industries, ranging from traditional fields such as automotive
construction through to new areas such as health and medicine.   

Why a domestic robotics industry matters so much

Zhang says that as well as fill a hole in the labour force, robots will also play a
central role in powering China’s expansion of emerging industries and, potentially,
new industries of their own. 

China’s focus on developing a homegrown robotics sector is part of an overall push
to become the world’s tech leader, with digital innovation receiving priority under
the most recent Five-Year Plan. It is also consistent with the government’s stated
policy of ‘dual circulation’, which will see China attempt to reduce reliance on
overseas markets while fostering domestic consumption.

But there is even more to its robotics focus than that, according to Zhang.

"China’s population is growing older, which means there will be fewer workers
available to perform those tasks that need to be done to keep the economy
going. Robots will be needed as labour supplementation, stepping in to fill that gap
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while improving efficiencies in the labour market."

In many ways, the scale of this challenge will be unprecedented, given how rapidly
China is ageing. The effects of longer life expectancy, increased wealth and the
one- child policy mean that between 1970 and 2020 the country’s median age
doubled from 19.2 to 38.4. While this is still well below some developed countries
such as Japan (48.6), Germany (46.5) and Italy (46.5), it is already higher than both
the United States (38.1) and Australia (37.0) .  

The rate of China’s ageing is so rapid that projections indicate that by 2050,
China’s median age will be 48, placing close to 40 per cent of the country’s
population - or some 330 million people - over the retirement age of 65.   To put
that into perspective, even Japan, currently home to the world’s oldest population,
has well under 30 per cent of its people over this age.

Performing the four Ds and more 

Zhang says that as well as fill a hole in the labour force, robots will also play a
central role in powering China’s expansion of emerging industries and, potentially,
new industries of their own. 

"China is placing a lot of emphasis on smart manufacturing, and this is another key
focus of the current Five-Year Plan. Many emerging technologies, such as new
energy and lithium batteries, will require robotics." she says.

In 2021, the demand for industrial robots from lithium battery, warehouse logistics,
and photovoltaic industries recorded 131 per cent, 103 per cent, and 51 per cent
year-on-year growth respectively. The demand from these emerging industries is
expected to remain stronger than in traditional industries, such as automotive and
3C (computer, communication, and consumer electronics). 

"There are also a whole range of jobs which we call the four D’s - dirty, dangerous,
dull and dedicated tasks - which still need to be done and are much better
performed by robots than humans. We expect to see growing demand from these
sectors too," Zhang says.

Zhang argues that Chinese-manufactured robots could also start to supplant
imported robots in areas in which they’re already used, especially as they are likely
to come at a significantly cheaper price than overseas-built ones.  

"We put the price advantage of China’s robots at 20 to 30 per cent,” she explains.
“When combined with fast product delivery and quick after-sales response, we
expect the market share of domestic robot producers to rise significantly"

Obstacles in the path 

Despite the positive outlook for China’s robotics industry, there are some
challenges. The government itself notes in the 14th Five Year Plan that it must
‘overcome supply and demand imbalances and supply chain stability’. It also cites
‘a lack of technology accumulation, a weak industrial foundation and insufficient
high-end supplies,’ as obstacles in its path.  

On top of this, the domestic robotics industry as it currently stands is fragmented.
The largest domestic producer, Etsun, enjoys just a 4.2 per cent market share. In
this environment, picking winners can be difficult, although Zhang says that there
are some companies that already enjoy a competitive advantage.

“Etsun is an established player and currently the seventh-largest supplier of robots
in China. It is also one of the few domestic industrial robot suppliers with an
integrated supply chain. The company is targeting a production volume of 50,000
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units by 2025, up from 11,000 units in 2021.” 

“Leader Harmonious Drive System is also another key player, which is China’s
largest domestic harmonic speed reducer manufacturer, a critical component in
industrial robots, it has a 20 per cent market share in China. 

“Due to high technical requirement and the R&D investment required, most robot
manufacturers procure speed reducers from external vendors, instead of seeking
production in-house.  

“While the speed reducer sector has been dominated by Japanese suppliers in the
global and domestic market, we now see an enormous potential with continuous
investment and R&D in this space.” 

An unstoppable force 

Despite these obstacles, Zhang observes that the robotisation of China is an
"inevitable trend driven by substitution and strong demand from emerging
industries,” and one that will come to define China’s economy over the next
decades. 

“The continuous increase in the industrial robot industry chain has lowered the
capital threshold for enterprises to carry out automation transportation. We will
see more and more businesses installing robots. Increasingly, these will be Chinese
made.” 

“With this momentum, we have really entered a new era of technology
transformation as robots are used to meet customers’ needs for a higher quality
and comprehensive service.”

1. International Federal of Robotics, ‘Understanding the New Five-Year Development Plan for the
Robotics Industry In China’

2. International Federal of Robotics,’ The new World Robotics 2020 Industrial Robots report shows a
record of 2.7 million industrial robots operating in factories around the world’

3. China Daily, ‘China aims to be hub of global robotics industry’

4. International Federal of Robotics, ‘China Aims for Global Leadership in Robotics with new 5-year
Plan’

5. Xinmei Shen, ‘Rising automation power China aims to be a world robot champion by 2025’, South
China Morning Post, 29 Dec 2021'

6. China Power, ‘Will the Dual Circulation Strategy enable China to compete in a Post-Pandemic
World?’

7. Statista, ‘Aging population in China’

8. John Kemp, ‘China’s productivity more important than its ageing population’, Reuters, 12 May
2021'.

9. China Power, ‘Does China have an ageing problem?’ 

10. He Huifeng, ‘China’s industrial automation efforts give hope to struggling industries but underlying
problems persist’. South China Morning Post, 11 jan 2022
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A R T I F I C I A L  I N T E L L I G E N C E / N E W S / R O B O T I C S

 Xinmei Shen · 6 Jan 2020 · 3 min read

China says AI robots won’t lead to
signi cant job loss

There has long been a debate on whether robots will end up putting a large part

of the population out of work. Now China says that AI and automation will

indeed replace some jobs, but it won’t be as damaging as feared.

Photo credit: viteethumb/123RF

That’s according to a report published this week by the Chinese Academy of

Social Sciences, a national think tank. It says that during China’s 14th Five-

Year Plan, which starts in 2021, the rise of robots will not lead to “significant”

job destruction.

Citing the report, state-run People’s Daily says low-skilled workers won’t be

directly rendered obsolete – but will instead be transferred to other jobs.

Driven to become one of the world’s strongest manufacturing powers by 2020

while facing the pressure of an aging population, China has been developing

and adopting robots in different industries.

Ecommerce companies including Alibaba and JD.com have automated some

of their warehouses and deployed delivery robots.
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(Abacus is a unit of the South China Morning Post, which is owned by

Alibaba.)

Restaurants and hotels in China have also installed service robots, delivering

food to people’s tables and rooms. Some cities also started using police robots,

which patrol the streets, snap photos of dangerous drivers, and alert people

who are jaywalking.

Industrial robots that help boost manufacturing power are also widely used.

China installed 154,032 industrial robots in 2018 according to the

International Federation of Robotics (IFR), more than the number of

industrial robots installed in Europe and the Americas combined.

But because of an outsized workforce, China still lags behind in terms of robot

density – the number of industrial robots deployed for every 10,000

manufacturing workers. In 2019, China had 97, far behind the US with 200

and South Korea’s 710, according to the IFR. China aims to boost that number

to 150 by 2020.

People in China believe that there is a benefit to a more automated workforce:

One survey conducted last year by UK digital marketing firm Dentsu Aegis

Network found that 65% of Chinese respondents think that AI and robotics will

help create more jobs instead of taking them.

But that’s not always true. Foxconn, a key manufacturing partner for Apple,

among others, cut 60,000 jobs in a factory in the eastern city of Kunshan in

2016 while installing robots. The southern city of Dongguan, one of China’s

manufacturing hubs, has cut its manufacturing workforce by 280,000 and

installed 91,000 robots in the past five years.

The new report by the Chinese Academy of Social Sciences also said that

during China’s 13th Five-Year Plan (which ends this year), robots and other AI

applications will have taken roughly 8 million to 10 million manufacturing jobs

from migrant workers, averaging 1.6 million to 2 million per year.

Still, many are positive about the long-term outlook. Estimations by

economists for the percentage of jobs replaced by robots varies depending on

their methods, but by 2037 AI and related technologies could create 12% more

jobs, according to a PwC report from September 2018. That would mean an

additional 93 million jobs.

PwC predicts that AI and related technologies could displace up to 26% of

existing jobs in China over the next two decades, but the income effect could

create additional jobs by 38%. Labor-saving technologies could lower product

prices, and companies might need more workers to address extra demand.

They could also improve the quality of existing products, which could enable

new products that need additional workers, PwC says.
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But even positive projections point to one possibly glaring problem: inequality.

The Chinese Academy of Social Sciences suggests levying a tax on the use of

robots to fund retraining workers threatened by automation. It’s an idea

promoted by Bill Gates and already in place in South Korea.

Visit abacusnews.com or subscribe to the newsletter via

abacusnews.com/newsletter for the latest China tech news, reviews, and

product launches.
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