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ARTICLE INFO ABSTRACT

Article history:

Online sharing platforms have attracted considerable research and management attention across a num-
ber of industries, including travel, real estate, and cloud computing. They also have great potential for the
3D printing (3DP) industry, offering users the choice between owning or renting 3DP capacity. For match-
ing supply and demand, capacity pricing is crucial. In this paper we consider two fundamental questions
concerning pricing: (i) What is the optimal pricing strategy for a 3DP capacity sharing platform? (ii) How
do usage level and printer heterogeneity affect consumers’ choice between in-house printing (owning)
and outsourcing (renting)? Using queuing analysis, we derive the structural properties of the solutions
to the problems. Furthermore, we conduct numerical studies using real-world data to generate manage-
rial insights from the analytical findings. A key finding is that governments should focus on encouraging
technological progress to lower the printers’ prices in order to improve the well-being of the industry.
When considering two types of printers, we find that it is more beneficial for the platform if the high
capacity printer dominates the market, as the platform then retains the prominent role in “redistributing”
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1. Introduction

Three-dimensional printing (3DP), also known as additive man-
ufacturing, has been around for decades and has become more
widespread lately due to recent advances in the associated tech-
nologies. The rapid development of 3DP has transformed the con-
ventional manufacturing process and thereby operational decision
making, as many industries have undergone major changes after
adopting 3DP for volume production. It has increased manufactur-
ing flexibility (Chan, Ngai, & Moon, 2017; Chen, Cui, & Lee, 2021;
Dilberoglu, Gharehpapagh, Yaman, & Dolen, 2017; Durdo, Christ,
Anderl, Schiitzer, & Zancul, 2016). In particular, 3DP can deal with
special manufacturing requirements arising from intricate designs
and provides production flexibility, especially for the aerospace,
railway, automobile, medical services, power plant industries etc.
It is used for prototyping to accelerate product development, and
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for low-volume production or even one-off custom parts (3D
Hubs, 2020). It also enables the transition from traditional to
information-driven personalized manufacturing (Dalenogare, Ben-
itez, Ayala, & Frank, 2018; Madsen, Bilberg, & Hansen, 2016), tran-
scending to Industry 4.0 (Olsen & Tomlin, 2020).

In tandem with the great advances in 3DP technology and infor-
mation technologies, 3DP platforms have developed rapidly in the
past decade (Dilberoglu et al., 2017), making 3DP services avail-
able to anyone with printing requests. The 3DP platform, which
combines the benefits of information processing, digital technol-
ogy, and additive manufacturing capability, provides rapid and ac-
curate data transmission for high-quality component manufactur-
ing, enabling flexibility in product design and production. More
importantly, the platform carries all the information and data ex-
changed between the customer and the platform, including infor-
mation on orders, products, transactions, deliveries etc. (Dilberoglu
et al., 2017), which allows the platform to make real-time, efficient
operations decisions. From the perspective of a supply chain, such
a platform re-shapes the supply chain structure of the 3DP indus-
try by separating the ownership and use right of the 3D printer.
By gathering spare production capacity in the 3DP industry, the
platform can efficiently match the spare capacity with real-time
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requirements (Li, Ding, Cui, Lei, & Mou, 2019), thereby promoting
the flexibility and efficiency of the entire manufacturing industry.

Production capacity has been extensively considered in the lit-
erature, but for the traditional chain with clear lines of demarca-
tion between supply and demand, and a known investment cost
function for suppliers (Dobson & Yano, 2009; Golmohammadi &
Hassini, 2019; Lee & Ward, 2019). Platforms create a more hy-
brid system, allowing small firms/individuals the option to not
invest but still have access to printing capacity via the plat-
form (Hopkinson, Hague, & Dickens, 2006; Gibson et al., 2015;
Hedenstierna et al.,, 2019; Rogers, Baricz, & Pawar, 2016); while
heavy users can purchase their own equipment and share access
capacity.

There are essentially two types of 3DP platforms: (1) The ca-
pacity sharing platform, such as 3D hubs, acts as a matching cen-
ter only, while the suppliers, i.e., owners of 3D printers, share
their spare capacity with customers who do not own 3D print-
ers. (2) The printing platform, such as Shapeways, has its own
3D printers and provides printing services and 3D design mod-
els to customers. Focusing on the former type of platform in this
study, we explore the optimal pricing of the 3DP capacity shar-
ing platform and its effects on the supply chain members. In
what follows, we refer to this type of platform simply as a 3DP
platform.

We conduct this study with a view to exploring the consumer
purchasing versus renting decisions in the context of the sharing
economy, and providing operations and pricing guidance for the
3DP platform. Indeed, usage level, which could be interpreted as
consumer demand for printing capacity, is obviously a key factor in
deciding whether to own or rent 3DP capacity, and so it is essential
to take usage level heterogeneity into account when considering
3DP platforms. Moreover, we consider the heterogeneity of shared
printer types, which plays an important role in platform operating
decisions.

Specifically, we develop an analytical modelling framework for a
3DP platform, deriving the optimal price by using a queueing sys-
tem to match supply and demand, where consumers choose be-
tween renting or owning 3D printers. The model provides general
insights into decision-making for a platform and its users. Note
that as a starting point for this exploratory study, we consider
the platform that is the price setter, i.e., it has a dominant posi-
tion in the industry. Furthermore, using data from real-world cases,
we show numerically that a platform should set a higher capacity
price when the fixed cost of owning plus using a 3D printer in-
creases.

We organize the rest of the paper as follows. In Section 2 we
review the related literature to identify the research gap and po-
sition our work. In Section 3 we introduce the problem and for-
mulate the model to address the research issues. In Section 4 we
present the analysis and discuss the findings. Moreover, we con-
duct numerical studies to generate practical insights from the ana-
lytical findings. In Section 5 we consider the effect of heterogeneity
of shared products by extending the basic model to include two
printer types. In Section 6 we consider several extensions of the
basic model. Finally, we conclude the paper and suggest topics for
future research in Section 7.

2. Literature Review

We discuss the benefits for firms/individuals of using 3DP (via
a platform) versus traditional manufacturing in Section 2.1, be-
fore taking the peer-to-peer capacity sharing market perspective
in Section 2.2, followed by discussion of our key contributions in
Section 2.3.
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2.1. Impact of 3DP on manufacturing firms

Whether or not to source printing capacity from 3DP platforms
relates to the more general choice between in-house/decentralized
or outsourced/centralized manufacturing (Chen & Bell, 2011;
Sethuraman, Parlakturk, & Swaminathan, 2018). Compared with
conventional manufacturing, the major benefit of outsourced print-
ing comes from reducing the fixed and variable costs for small,
complex, and customized production. In addition, firms can re-
duce their inventory and transport costs as new products and re-
placement parts can be printed on demand (Hopkinson and Dick-
ens, 2003; Atzeni & Salmi, 2012; Baumers, Dickens, Tuck, & Hague,
2016; Chen, Fang, & Wen, 2013; Chen, Liang, Yao, & Sun, 2017;
Gebler, Schoot Uiterkamp, & Visser, 2014; Sasson & Johnson, 2016;
Thomas, 2016; Westerweel, Basten, & Houtum, 2018). Furthermore,
customers gain more security as the additional costs and corre-
sponding risks caused by unreliability, from, e.g., production fail-
ures or delayed deliveries, are transferred to the service provider
(Rogers et al., 2016).

Compared with in-house printing, outsourcing avoids the need
to invest in equipment acquisition and staff training, but leads to
a higher distribution cost (Holmstrém, Partanen, Tuomi, & Walter,
2010; Huang, Liu, Mokasdar, & Hou, 2013; Khan & Mohr, 2015). If
the customer’s demand for a single type of product is relatively
small, purchasing an expensive printer is obviously not worthwhile
(Conner et al., 2014; Holmstrom et al., 2010; Rogers et al., 2016). It
is also acknowledged that not all manufacturing firms or individu-
als that pursue small-volume, personalized customization are qual-
ified to use 3DP (Rogers et al., 2016; Schniederjans, 2017; Weller,
Kleer, & Piller, 2015). However, if an OEM sells licences or designs
to firms for in-house printing, then decentralized printing can lead
to more flexibility and higher profits (Westerweel, Song, & Basten,
2019).

2.2. Matching and pricing issues of peer-to-peer sharing platforms

We next review the literature on peer-to-peer sharing plat-
forms/economies, of which the 3DP capacity sharing platform is
a typical example. Most of the studies in this field either focus on
the peer-to-peer market in general or the peer-to-peer market in
specific industries. For the former, the effects of peer-to-peer prod-
uct sharing on welfare improvement have been a key issue for re-
searchers, and the conclusions are mixed. For example, Benjaafar,
Kong, Li, and Courcoubetis (2018) analytically examined the effi-
ciency of peer-to-peer product sharing, considering different fac-
tors such as ownership, profit, surplus, and welfare. They found
that collaborative consumption always benefits the consumers.
However, by applying an analytical model to study the consumer’s
purchasing and sharing decisions in collaborative consumption,
Jiang and Tian (2018) found that the platform’s pricing strategy
helps improve the platform’s profit, but damages consumer sur-
plus. Other studies derive further insights by considering heteroge-
nous consumers. Fraiberger and Sundararajan (2015) found, using
US car rental data, that low-income consumers can profit most
from the sharing economy. Studying the optimal on-demand ser-
vice pricing considering the risk attitudes of customers in decision-
making, Choi, Guo, Liu, and Shi (2020) found that the presence
of risk seeking customers improves both the platform’s profit and
consumer surplus. However, they ignored the endogenous supply
of shared products.

Few analytical results on the pricing and matching issues of
3DP capacity sharing platforms have been presented to date, and
we next review them in detail. Hedenstierna et al. (2019) de-
veloped a “bidirectional partial outsourcing” (BPO) scheme
considering the capacity sharing between the outsourcer and
subcontractor. Through a case study of Shapeways and by adopting
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an analytical model, they found that BPO helps improve the cost
efficiency and delivery performance of a 3DP service. Sun, Hua,
Cheng, and Wang (2020a) studied the optimal pricing strategy for
3DP platforms considering a supply chain consisting of a platform,
customers, and registered designers. They found that, for the
platform, charging a fixed commission fee is more profitable than
leaving it to the designers to add a mark-up dependent on product
quality. By considering the recycling process in the 3DP industry,
Sun, Wang, Hua, Cheng, and Dong (2020b) derived the optimal
pricing strategy for 3DP platforms in a closed-loop circular supply
chain. They found that while the platform could benefit from
recycling, suppliers avoid producing high-quality products made
from recycled material.

The fractional jet market can be seen as one of the earliest
types of peer-to-peer sharing platforms. However, most studies on
this market do not focus on pricing but take the transport per-
spective, e.g., considering the routing and maintenance problems
(Yao, Ergun, & Johnson, 2007; Yao et al. 2008; Munari and Al-
varez, 2019). For example, by adopting the scheduling approach,
Yao et al. (2008) proposed flexible planning strategies in terms of
aircraft maintenance, crew swapping, and customer demand to in-
crease the plane utilization rate. For the ride-hailing market, the
optimal pricing strategy has been a popular research topic, espe-
cially regarding the customer waiting time (Bai, So, Tang, Chen, &
Wang, 2018; Benjaafar et al., 2018; Nourinejad & Ramezani, 2019;
Sun, Teunter, Babai, & Hua, 2019; Sun, Teunter, Hua, & Wu, 2020c;
Taylor, 2018; Wang, Liu, Yang, Wang, & Ye, 2020; Xu et al., 2020;
Yang, Qin, Ke, & Ye, 2020). However, these studies typically do not
consider matching; instead, they treat renting and purchasing de-
cisions as exogenous.

2.3. Contributions

Many studies to date have considered either product/capacity
sharing or pricing for the peer-to-peer market, especially in the
context of transport (ride-hailing). However, the endogenous de-
cisions of (becoming) renters and owners are typically ignored.
Moreover, heterogeneity among shared capacity types has been ig-
nored. Indeed, such heterogeneity plays less a role in the ride-
sharing market that many researchers have considered, as the cus-
tomers ultimately need to get from one location to another. How-
ever, in the 3DP industry, production speed and product quality
may depend on the types of printers used.

Our research focuses on the operations of the 3DP platform,
analyzing its ability to match supply and demand for 3DP ser-
vices, and ascertaining its impacts on consumers’ decision-making
on renting and purchasing printers in the peer-to-peer market. Our
study is the first to analytically examine matching supply and de-
mand through pricing while considering the endogenous renting
and buying options, system waiting time, and heterogeneity in the
types of available 3D printers.

3. Basic model

We consider a 3DP platform, where users can either supply
spare printing capacity or demand capacity. The platform sets a
price per unit of capacity and charges a commission fee, with the
objective to maximize profit from matching supply and demand.
Note that we assume that the platform is a price setter, not a
taker of the competitive market price, i.e., it has a dominant po-
sition in the industry. Although this is a natural starting point for
our exploratory study, there may be situations in practice where
platforms compete in the market. While more competitors can be
considered, this would complicate the analysis. Indeed, that is why
we assume a single platform in our analysis, which allows us to
conduct insightful analysis and produce meaningful results.
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Table 1
Notation used in the paper.

p price for renting a unit of spare capacity

b per unit net usage benefit

6e(0,1) usage level

p(p) € (0,1) utilization rate for excess capacity

T per unit waiting cost

w(p) waiting time before a match is made

k fixed cost for owning a 3D printer
¢e(0,1) fraction of the price that the platform earns
A(p) aggregate demand by the renters

u(p) aggregate supply from the owners

Following Benjaafar et al. (2018), we assume that the users are
heterogeneous in their 3DP requirements, modelled as a user’s us-
age level 0 being uniformly distributed between 0 and 1. Note that,
in real life, the maximum utilization of 3D printer might be sig-
nificantly lower than 100%; without loss of generality, we normal-
ize the capacity (per time unit) of one 3D printer to 1. Also note
that we do not directly consider the users with a usage level of
more than 1 because such users would purchase the number of
3D printers that they need full-time, and only consider owning or
renting for the remaining usage requirement. So, we only consider
the remaining demand of such “large” users. Accordingly, if such
users decide to rent capacity for their remaining demand, we re-
gard them as renters because they act as renters for the platform
considered, although they also own one or more 3D printers. In
real life, dependent on the status of technology adoption and cus-
tomers’ request rate, new consumers may join the system and the
platform may change its price from one period to the next. Analyz-
ing such dynamic behaviour over time is of interest, however, we
remark that though user’s capacity sharing is a short-term event,
e.g., on a daily / an hourly basis, on-demand platforms do not dy-
namically change their prices so frequently (Jiang & Tian, 2018).
In this sense, we start our study by considering a single period,
i.e., a snapshot of the system, which is exploratory in nature. For
the single-period game, we assume that users are fully informed
on the platform price at the start of the period, and the users
make their decisions based on the price announced by the plat-
form. Nevertheless, we extend our model to the multi-period set-
ting in Section 6.1.

Each user can decide to purchase a 3D printer (so becoming an
owner) and sell any excess capacity via a 3DP platform, or rent the
required capacity from the platform, taking the option that maxi-
mizes utility. Gaining revenue from taking a fraction ¢ (0 <¢ < 1)
of the rent, the platform aims to maximize its revenue and, there-
fore, its profit.

In Section 3.1, we present the user utility functions, formalize
the objective of the platform, and derive the welfare function of
the entire supply chain. We summarize in Table 1 the notation
used in the paper.

3.1. Owning versus renting

For an owner, purchasing a 3D printer incurs a fixed cost, which
is amortized to a cost per unit time denoted by k. Taking self-
requirements as priority, an owner only offers its spare printing
capacity for renting. The owner derives benefits from two sources:
(i) using the printer and (ii) receiving rent on the shared spare ca-
pacity. Denoting by b the unit net usage benefit, i.e., the benefit
minus material costs per unit, and recalling that 6 is the owner’s
usage level, the usage benefit that the owner gains from satisfy-
ing its own need is bf. Besides the usage benefit gained from self-
requirements, the owner receives a fraction 1-¢ (0 <¢ < 1) of
the renter’s payment for each transaction. Given the price for rent-
ing a unit of spare capacity p and the utilization rate p(p), which
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is equal to the fraction of supply used to meet the demand, the
owner’s unit income from the shared capacity is p(p)p(1 — ¢). Ob-
viously, by scaling 1 — 6, the total revenue that the owner can re-
ceive from selling its spare capacity is p(p)p(1 — ¢)(1 —0). There-
fore, the utility/profit function for the owner with usage level 6 is

Uo(8) = b8 + p(p)p(1 — ¢)(1 — ) k. (1)
The renter pays a price p for each unit of the spare capac-
ity. Compared with in-house printing using a private printer, the
renter needs to wait for its order to be successfully matched to an
available owner, and we denote the average waiting time by w(p).
Note that we assume a constant own usage rate ignoring the wait-
ing time for self-use. Let T (7 > 0) be the unit waiting cost, then
the expected waiting cost for the renter is Tw(p). Thus, the util-
ity/profit function of the renter with usage level 0 is
Ur(0) =[b—p—tw(p)]o. 2)
Note from (2) that we assume that the waiting cost increases
linearly with the waiting time. While this is a natural starting
point for our exploratory analysis, there may also be situations in
practice where customers become increasingly impatient as they
wait for an available supplier, which would imply that the wait-
ing cost is strictly convex rather than linear in the waiting time.
In Section 6.3 we consider such situations by assuming a quadratic
relation and further compare the results with those of the basic
model. We remark that more general relations between the wait-
ing cost and waiting time can also be considered, but this would
further complicate the analysis. That is why we assume a linear re-
lation in our main analysis, which allows us to conduct insightful
analysis and generate meaningful results.

3.2. Matching supply and demand

The matching process follows a common procedure in the shar-
ing economy, which begins with a service request from a customer.
After specifying the order requirements online, including material,
technology, design details, etc., the customer correspondingly re-
ceive an instant quote. As long as the customer agrees with the
quote, the platform checks the availability with printer owners,
and matches the customer with an available printer owner. Oth-
erwise, the customer waits until the next owner becomes avail-
able. Once a match between a customer and an owner is made,
the owner is committed to serving that customer next.

We propose an approximation scheme for the matching system.
To establish the approximation scheme, we note that the matching
process shares some similarities with a queueing system. In partic-
ular, the owners can be viewed as servers, while customers waiting
for printing capacity can be viewed as customers waiting for ser-
vice, which is a common method used when examining the match-
ing for on-demand service platforms (Bai et al., 2018; Feng, Kong,
& Wang, 2020).

Following Benjaafar et al. (2018), we assume that matching fric-
tion may arise because of short-term fluctuations in supply and
demand, even though the overall supply and demand are constant
in the long run. Such short-term fluctuations come from the la-
tent variability in the arrivals of rental requests, which can lead
to a long waiting time for the renters due to a lack of available
capacity. Specifically, we assume that the customers do not arrive
all at once, but the requests arise stochastically with random in-
terval times. In this sense, even though the supply meets the de-
mand in the long run, a short term, high intensity of arrivals may
result in long customer waiting times. To capture this short-term
matching friction, and make the model tractable, we model the
renter waiting for spare capacity as an M/M/1 queue following Sun
et al. (2020c). We note that this type of queue does not corre-
spond exactly to the considered situation. On the capacity demand
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side, assuming a Poisson demand process is natural. On the supply
side, while the uncertainty in the processing time is partly caused
by not knowing when owners make capacity available, the queu-
ing model converts the uncertainty to variations in the processing
time. However, the M/M/1 queue seems a natural starting point to
address the supply and demand matching issue, so we adopt it in
this exploratory research.

A difficulty in analyzing the above queuing model is that the
supply and demand (rates) of the printing capacity evidently de-
pend on the price set by the platform, which affects the compara-
tive attractiveness of owning and renting. In addition, as modelled
in detail in Section 4.1, the waiting time also affects the user’s de-
cision as to whether to own or rent. We denote the supply and de-
mand for a given price p as u(p) and A(p), respectively, for which
we derive the expressions in Section 4.1. The corresponding utiliza-
tion of the system is p(p) = A(p)/u(p), for which the condition
for the existence of a steady-state solution is p(p) < 1. Therefore,
we only consider the prices under such a condition. This implies
that all the demand is satisfied (after some waiting time), but not
all the supply is rented. We remark that we also test our model
under the condition of a lower system utilization (e.g., p(p) < 0.8),
and the findings are consistent (as discussed later). Under such a
condition, using standard queuing results, we obtain the waiting
time of the renter as

P (D)

D) — D)’ ®)

w(p) =

3.3. The objective of the platform

The platform gains revenue from taking a fraction ¢ of the rent
paid by the customer for each transaction. The objective of the
platform is to maximize its profit gained from all the renters, sub-
ject to the system utilization constraint and the conditions that
both options are selected by some of the consumers (as discussed
later in Section 4.1), as follows:
max s = A(p)¢p. (4)
st.0<p(p) <1;

Up(0) < Ug(0) = 0;

Ur(1) < Up(1).

Note that in real life, dependent on customers’ printing pref-
erences and competition from other platforms, the customer
may abort the order and leave the system. Exploring such cus-
tomer behaviour is of interest, but is beyond the scope of this
research.

3.4. Welfare of the supply chain

We next study the welfare/profit of the supply chain from a
government perspective, which provides a social responsibility lens
through which to consider the performance of industry and the ef-
fects of 3DP capacity sharing on supply chain members. Letting 6
denote the consumer who is indifferent to becoming a renter and
an owner (to be determined in Section 4), we can derive the wel-
fare/profit of the renter and the owner in the supply chain, respec-
tively, as follows:

g
sz=/0 Ur(0)d6, (5)

1
swo:fe_ Uo(6)d0. (6)
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Fig. 1. Consumer catchment areas of owners and renters.

Combining (1), (2), and (4)-(6), we obtain the welfare function
swge of the supply chain, defined as the combination of user wel-
fare/profit and platform profit, as

3 1
SWee = T + SWo + SWg = A(D)@Dp +/ Ur(0)do +/(; Up(6)do.
0
(7)

In Section 4.2, we further explore into the measures which can
promote the development of 3DP capacity sharing by analyzing the
welfare of the supply chain.

4. Price optimization analysis

We first derive the renter’s waiting time and analyze the frac-
tions of consumers that opt for becoming a renter or owner in
Section 4.1. Then, we propose the platform’s maximization prob-
lem and derive the platform’s optimal price by conducting numer-
ical studies in Section 4.2.

4.1. Consumers’ purchase decisions and platform’s optimal price

Using (1) and (2), we can find the value of the preference 6 at
which the users are indifferent between becoming a renter or an
owner, i.e.,, where Up(6) = Ug(0).

We remark that there are conditions under which either
Ug(0) < Ugr(@) or Ug(0) > Ugr(9) for all the values of 8, implying
that all the consumers opt for the same option. But these cases are
of limited practical and theoretical interest. Therefore, rather than
also considering these extreme cases, we provide the conditions
under which both options are selected by some of the consumers.
Obviously, the consumers with a low usage level should opt for
becoming a renter, implying that Up(6) < Ugr(0) for 6 = 0. Besides,
the consumers with a high usage level should opt for becoming an
owner, implying that Ug(6) > Ug (@) for 0 = 1. Depicting this sit-
uation in Fig. 1, we re-write the two conditions as p < m
and p > k- tw(p). So, the relevant price range to be considered
is from k — Tw(p) to m. Within this price range, we equate
(1) and (2) to yield

b6+ (1-6)p(p)(1 —@)p—k=[b—p—TwW(p)]h, (8)
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which gives

k— (1 -9)pp(p)
pl1 =1 =@)p(P)]+TW(p)
Letting f(6) = 1 denote the uniform density function of the us-
age distribution, the associated aggregate demand and supply gen-
erated from the renters and owners are, respectively, as follows:

6(p) = (9)

. 6p) j ()2

= [ or@ns="2" 2o (10)
1 5em2

Ao = [ a=0)f@)0 =" —ipy+zz0 ()

The corresponding utilization rate and the customer waiting
time are

. A(p) 0 (p)*
p(p) = 7—=~ = — (12)
1(p) (Q(p) _ ])2
where p(p) € (0,1) and
q (2

- - 2 -
(z-0)(O® -1)

According to the above results, we obtain an analytical valida-

tion of the fraction of consumers that opt for becoming an owner

(ownership). We formalize the result in Proposition 1 (we give the
detailed analysis in Appendix A1).

Proposition 1. The fraction of consumers that opt for becoming an
owner (ownership) is higher than 50%, i.e., 0 (p) < 0.5.

Proposition 1 implies that the availability of the sharing option
will lead less than half of the users to forego printer ownership in
favour of on-demand access. A possible explanation for this might
be that the printing capacity sharing platform allows individuals to
offset the high fixed cost of owning a 3D printer, even though the
additional profit of acting as an owner also pulls in a fraction of
the population that may not otherwise choose to own.

To further derive the closed-form indifference point @ (p) in
equilibrium, we combine (9)-(13) to yield

0(p) = gy (@ + /a2 —169pp/3 — 4y /3

V2 a2 - V3(a3-8aBpp+32¢2 p2 (p+4k))
V3e2-4(4ppp+y)

16ppB | 4y
3 T3t

).

where o =3pp+2(p+71+k), B=3B+¢)p—+5k, y =
2213y 2/3 (42 3,13

22 122824 /2 —ax3 -2 , X=

b2 y/y2-ac 263 R 7

pl(9? =3¢ +3)p—67] - 2(pp+120)k+ k%, and y=p?[9p?p

—2¢3p - 9¢(p — 27) + 547]-3[(6 — 15¢ + 79?)p? + 6(14¢ — 5)
pT + 3672[k — 6(@p — 24T)K? + 213,
Thus, the fractions of consumers renting and owning are g(p)

and 1—§(p), respectively.
Thus, under the equilibrium condition mentioned above, the as-
sociated aggregate demand and supply generated from the renters

and owners are expressed as i(p) :fé“”@f(&)d@ = M and

[i(p) = f%( )(1 -0)f(0)do = % —0(p) + %, respectively. More-
p

over, the corresponding utilization rate and the customer wait-

ing time are p(p) = —2& 0.(p)

- > and w(p) = e 5, respec-
©(p)-1) (-0 B (P)-1)
tively.
We re-write the platform profit (4) as
_ 2
- = (9 (p)) ¢p
max7w =) (P)pp = ~———— (14)
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st.0<p(p) <1;

Up(0) < Ug(0) =0;

Ur(1) < Up(1).

By solving the above maximisation problem, the optimal price
per unit printing capacity can be determined. Due to the complex-
ity, we numerically explore how the optimal price, the correspond-
ing profit and welfare, depend on the model parameters in the
next section.

4.2. Numerical studies

As discussed, the decision problem is to find the optimal p that
maximizes the profit function 7 (p) in (14), subject to (i) the uti-

lization constraint 0 (p) < 1 and (ii) the conditions that both op-
tions are selected by some of the consumers Up(0) < Ug(0) =0
and Ug(1) < Up(1). Although we hgve obtained a closed-form so-

lution for the indifference point @ (p) in equilibrium, its com-
plexity prevents us from deriving the closed-form optimal price or
conducting tractable analysis. However, we can solve the problem
numerically. Specifically, under the above constraints, we perform
an exhaustive numerical search for the optimal p* that maximizes
(14) for any feasible p. Then we compare the profit for each value
of p. Hence, the optimal solution p* is given by the largest value of
7 (p) accordingly. We use the user-friendly software Mathematica
to perform the calculations. Therefore, we perform numerical re-
sults in this subsection. In order to derive meaningful results, we
first present a real-life inspired case and set the base values for the
model parameters accordingly.

The printer type that we consider is Markforged Mark II, which
is a professional 3DP printer with a relatively high printing capac-
ity per time unit. We next discuss how we set the base case model
parameter values for this printer based on public data.

« Cost of owning plus using a 3D printer: We include three cost
components, namely hardware cost, power consumption, and
consumables cost.

(i) Hardware cost: According to the real-time online quote from
a retailer, the cost of purchasing Markforged Mark II is around
20,000 Euros (ANIWAA, 2021a). For an estimated lifetime of five
years, the annual hardware cost is 4000 Euros, or 0.46 Euros per
hour.

(ii) Power consumption: The power consumption of Mark-
forged Mark II is 150 W. Comparing this with that of 500 W for Ul-
timaker S5 printer, which has a power consumption cost per hour
of 0.076 Euros (Ultimaker, 2019), we estimate that the power con-
sumption of Markforged Mark II is 0.076/500 x 150~0.02 Euros per
hour.

(iii) Consumables cost: Unfortunately, we do not have a direct
estimate of the consumables cost for the printer type that we con-
sider. However, using the same consumables to hardware cost ratio
as for the Ultimaker S5 printer, namely 173/1099 (Ultimaker, 2019)
for an annual 1500-hour utilization, and recalling that the annual
hardware cost of Markforged Mark II is 4000 Euros, we obtain an
indirect estimate of 173/1099 x 4000/1500~0.42 Euros per hour.

Thus, we estimate the total cost of owning plus using a Mark-
forged Mark II at 0.46+0.02+0.42=0.9 Euros per hour.

o Unit net usage benefit: According to the Royal Netherlands
Army’s assessment of the performance of Markforged Mark II,
14 types of top-ranked spare parts are suitable for printing
with Markforged Mark II. The average benefit is around 94.6
Euros per item (based on the average part price). The average
printing time for the 14 types of spare parts is 11.13 hours per
item at the printing speed of 50 cubic centimeters per hour
(Westerweel, Basten, Boer, & Houtum, 2020). Thus, we estimate
the unit net usage benefit at 94.6/11.13~8.5 Euros per hour.
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Table 2

Base case parameter values.
Parameter Value
Fixed cost for owning plus using a 3D printer (in Euros/hour) k=0.9
Unit waiting cost (in Euros/hour) =175
Fraction of the price that the platform earns ¢=03
Unit net usage benefit (in Euros/hour) b=8.5

Unit waiting cost: We assume the unit waiting cost is 50% of
the unit net usage benefit, i.e., 1.75 per hour.

Platform commission: Following Benjaafar et al. (2018), given
that many worldwide peer-to-peer sharing platforms charge a
commission rate within a relatively narrow range, from 30% to
40%, we set the commission fee at ¢=0.3.

Table 2 lists all the base case parameter values.

Fig. 2 shows how the price of the shared capacity affects the
consumers’ options (left) and the platform’s profit (right) for the
base case. From Fig. 2(a), we see that the proportion of owners in-
creases with the price as the owners can gain more profits while
the renters have to pay more for using the printers. From Fig. 2(b),
the optimal price is around 3, and the fractions of consumers rent-
ing and owning are around 23% and 77%, respectively. Note that
the results obtained under the condition of a lower system utiliza-
tion (e.g., p(p) < 0.8) are similar to those shown in Fig. 2.

Next, we perform a sensitivity analysis, where we vary one pa-
rameter at a time from its base case value, while keeping the other
parameters fixed. Fig. 3(a)-(b) illustrate how the optimal price p*
that maximizes the profit depends on the fixed cost of owning plus
using a 3D printer k(k > 0) and on the unit waiting cost t(t > 0).
As for the parameters’ ranges, an upper bound on k, subject to the

condition Up(9) = Ug(9) > 0, is k < 2.99. Combining this with the
assumption of a positive fixed cost k > 0, we obtain ke (0, 2.99).
For T, we derive its upper bound by solving the boundary condi-
tion p* = 0, which yields 7 = 238.6. In fact, no feasible p* can be
found within the range t < 0.2, and putting the upper and lower
bounds together gives 7€ (0.2, 238.6).

As shown in Fig. 3(a), the optimal price increases with the cost
of owning plus using a 3D printer, as expected. Regarding Fig. 3(b),
it is evident that a relatively high unit waiting cost, ceteris paribus,
leads to a decrease in the renter’s profit from printing via the
platform, resulting in reduced capacity demand, reducing the plat-
form’s profit. Unless the waiting cost is small, the platform should
set a lower capacity price to restore the balance. The effect of the
unit waiting cost shown in Fig. 3(b) is less intuitive when the unit
waiting cost is less than a certain value, since a higher price on
top of a higher waiting cost are a double whammy for the renters.
The reason is as follows: For such a case, it is essential to keep the
waiting time short by ensuring that a larger fraction of the users
decides to become an owner, and a higher price encourages more
users to do so. Furthermore, it appears from Fig. 3 that, compared
with the unit waiting cost, the platform is much more sensitive
to the fixed cost of owning plus using a 3D printer when deter-
mining the optimal price. This result may be explained by the fact
that, in real life, consumers are more sensitive to the fixed cost
when making purchase decisions. Thus, the fixed cost is more vital
to the platform’s decision-making process. We thereby conduct a
more detailed analysis of the fixed cost of owning plus using a 3D
printer, as illustrated in Fig. 4.

From Fig. 4(a), the observed increase in the customer waiting
time with the fixed cost could be attributed to a raised bar of be-
coming an owner, which generates more renters and thereby print-
ing needs. Though a higher waiting time implies a lower system
efficiency, it is beneficial for the platform, as Fig. 4(b) indicates. In-
deed, if the fixed cost of owning plus using a 3D printer is high,
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users need to rent vast amounts of printing capacity due to the
high entry bar, which leads to more capacity being traded and
a high platform profit. Fig. 4(c) shows that the total welfare swic
(p*) does strictly decrease with the owning plus using cost, as to
be expected. We remark that, in real life, the 3DP industry is still
in a preliminary stage due to the immature technology, and the
most critical limitation to adopt 3DP is the cost of entry (Sculpteo,
2020). This implies that governments should focus on encouraging
technological progress to lower the printers’ prices in order to im-
prove the well-being of the industry.
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5. Two types of 3D printers

In this section we explore the effects of the availability of more
than one printer type on consumers’ behaviour and the platform’s
decision. For tractability and clarity, we consider two types of
3D printers that differ in their maximum printing capacity per
time unit and their owning plus using costs. We use L and H to
represent the printer type with low and high printing capacity, re-
spectively. We also let § denote the maximum printing capacity of
printer L relative to printer H, of which the capacity is normalized
to 1. Obviously, for users who decide to own a printer, the choice
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Fig. 5. Consumer catchment areas of owners and renters.

between the two types may allow them to better match capacity
to their demand. We assume that the price p per unit of capacity
is the same for both printer types (as there is no difference in
printing quality), and accordingly the renters are indifferent be-
tween them for satisfying their demand. Furthermore, the platform
does not give priority to either type, implying that the utilization
rate (for excess capacity) p(p) is the same for both printer types.

5.1. Consumers’ purchase decisions and platform’s optimal price

The utility/profit of Not purchasing a printer and therefore
Renting (NR) is

Ung(6) = [b— P — Tw(p)]6.

For users that purchase a printer, there are three options: pur-
chase a low capacity printer and own excess capacity (LO), pur-
chase a low capacity printer and rent additional capacity (LR), or
purchase a high capacity printer and own excess capacity (HO).
Here, we stick to the assumption made in our base case that
“large” users with a usage level of more than 1 would purchase
the number of 3D printers that they need full-time, so only the re-
maining demand of such as demand would be considered. Thus,
the high capacity printer always offers more capacity than the
maximum demand. Similar to the analysis in Section 3.1, we ob-
tain the respective utility functions as

Uo(8) = b8 + (8 — 0)p(B)(1 — 9)p — ki,

Ur(0) = b9 — [P+ Tw(p)](0 — §) — k;, and

Uno(0) = b6 + (1 -0)p(B)(1 —@)p — kn.

It is then straightforward to find the values of preference &y, Gy,
and Ay at which the consumers are indifferent between becom-
ing NR and LO, LO and LR, and LR and HO, respectively, i.e. where
Unr(0) = Ui (0), Uo(0) = Ur(0), and Ur(0) = Uyo(0), with the
“catchment areas” being depicted in Fig. 5. Those indifferent points
are obtained, respectively, as

k. — PSp(P) + ¢Pdp(P)

P = 5753 + o) + Tw () (13)
Oy =8, and
éH(ﬁ) _ DS+ ky — ki — pp(P) +@po(P) (16)

p(1 = p(B) +@p(P) —TW(P)
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where we have ;(§) < 0y < 6y(P) to keep all the options to be
selected by part of the users with different utilisation level.

Furthermore, denoting the indifferent point between becoming
NR and HO by 8, we quickly obtain the following observation from
Fig. 5.
Observation 1. For the case of two types of printers, we have 0> 0y

This observation indicates that the ownership for the case of
two types of printers is higher compared with that for the case
with only high capacity printers, which can be explained by the
fact that both types of printers partly capture a portion of the mar-
ket, leading to increased ownership. Thus, with the availability of
the sharing option, the development of low capacity printers might
improve the market penetration of 3DP technology.

Thus, letting f(0) =1 denote the uniform density function of
the usage distribution, we find that the fractions of consumers opt-
ing for renting and sharing capacity are, respectively, as follows:

S Fo)yd0 + ff;'; £(6)d0 =8, + @y — fy) and

19" F©)d0 + 1} F©)d8 = By — b)) + (1 - p).

Similar to the argument in Section 4.1, the associated aggregate
demand and supply generated from the renters and owners are,
respectively, as follows:

~ f g2 g2 ~ o~

3(P) = S5 0FO)de + 1% (0~ 8)fO)dew = % + G — Oy +
N M
@ and

A(P) = 3 By = 0)1(0)d6 + [} (1-6)[(6)do

G2 s a2 5§

TM—9M9L+7L+%—9H+7”.

Furthermore, we derive the corresponding utilization rate and
customer waiting time are as follows:

(éM - éH)Z + éLz

. (P)
= — = — —— —— —. 17
pEP) AB) 1462+ (=2 +0u)6u — 200, + 67 )
and
. p(P)
Ww(p) = ——%—
RO

- (G — 6)” + 62
h (1 + él\z/l + (éH - Z)éH - 2éM§L + éﬁ)(% - éH - é[vlé]_ + éMéH) ’
(18)
Based on the above results, we obtain an analytical validation
of the fraction of consumers that opt to become an owner (owner-
ship). Similar to Proposition 1, Proposition 2 implies that less than
half of the consumers forego printer ownership. We formalize the
result is in Proposition 2 (of which a detailed analysis can be found
in Appendix A2).

Proposition 2. For the case of two types of printers, the fraction of
consumers that opt for becoming an owner (ownership) is higher than
50%, i.e., 6.(p) < 0.5,

By inserting (17)-(18) into (15)-(16), we derive §; and 4 in
equilibrium in the closed-form.

Furthermore, under this equilibrium condition, the asso-
ciated aggregate demand and supply2 gen;erated from the

renters and owners are A(f) = GTL + GTH — 80y + % and
~ =2 ~ =2
i) =% 80, +% +1—0y+%, respectively.  Moreover,
the corresponding utilization rate and the customer wait-
=z 2 2
(8-0u) +6;

A —— and Ww(p) =
1482 4(—240y)0y 280, +6,

ing time are 5(;3):

% 2 %2
(6-0p) +01

R e —————, respectively.
(1+82+(0y—~2)0y-280+01 ) (1 ~6 86, +80})




L. Sun, G. Hua, T.CE. Cheng et al.

The platform gains revenue from taking a fraction ¢ of the rent
paid by the customer for each transaction. The objective of the
platform is to maximize its profit gained from all the renters as
follows:

mgxy?r =A(P)@P. (19)
st.0<p(p) <1;

Uo(0) < Unr(0) = 0;

0 <Up(8) = Ugr(d) < 1;

Uno(1) > Ur(1).

Similar to the argument in the basic model, this maximiza-
tion is subject to the system utilization constraint and the con-
ditions under which all four options are selected by some of
the consumers, i.e., Ug(0) < Uyg(0) =0, 0 <Up(8) =Ur(S) <1,
Uno(1) > Ugr(1). N

Due to the complexity of A(f) and, in particular, ﬁ(ﬁ), we per-
form numerical studies to examine the platform’s optimal pricing
decision in Section 5.2.

Similar to the argument in Section 3.4, using the respective util-
ity functions, we derive the welfare/profits of the renter and sup-
plier in the supply chain, respectively, as follows:

_ A Oy
§\7\7R = f UNR(Q)dQ +/~ ULR(Q)dQv (19)
0 O

~ éM 1
§VV5 = /; ULo(Q)dQ -1-‘/N~ UHo(e)dQ (20)
6, On

Combining (18)-(20), we obtain the welfare function ﬁvsc of the
supply chain, defined as the combination of user welfare/profit and
platform profit, as

S = 7+ Sws + g = A(P)PP + /! Ung(6)d6 +
S UR(0)d6 + /2 Uio(©)d6 + /L Upo(0)d6.
M 0, Oh

5.2. Numerical studies

We continue our previous real-life example, but consider a sec-
ond 3D printer, namely Markforged Onyx Pro. It uses the same
continuous fibre reinforcement (CFR) technology as Markforged
Mark II, but has a smaller printing capacity. We list the related es-
timated parameter values below (see Table 2 for other model pa-
rameter estimates).

* Owning plus using cost of Markforged Onyx Pro: Using sim-
ilar arguments as for Markforged Mark II, the owning plus
using cost of a Markforged Onyx Pro contains the hardware
cost (0.23 Euro/hour) (ANIWAA, 2021b), power consumption
cost (0.02 Euro/hour), and consumables cost (0.21 Euro/hour).
So the owning plus using cost of Markforged Onyx Pro is
0.23+0.02+0.21=0.46 Euros per hour.

Printing capacity: Recall the cost of owning plus using a Mark-
forged Mark II is 0.9 Euros per hour, we use the owning plus
using cost ratio 0.46/0.9~51.11% to estimate the printing capac-
ity of L relative to H.

Fig. 6 shows how the platform’s profit depends on the platform
price in the base case settings, which shows that the optimal price
p* is around 3.2.

Fig. 7 shows how the owning plus using cost of printer L affects
the proportion of consumers opting for printer i(i = L, H), demand
rate, platform profit, and supply chain welfare.

From Fig. 7(a), we see that for a very low cost of owning plus
using a low capacity printer, few users own a high capacity printer;
also, for a very high cost, few users own a low capacity printer. In
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both situations, one of the two printer types dominates the mar-
ket. As Figures 7(b) and 7(c) indicate, this is beneficial for the plat-
form as it implies that many users need to rent or can supply a lot
of printing capacity, leading to much capacity being traded and a
high platform profit. Moreover, the platform earns more if the high
capacity printer dominates the market. For moderate fixed costs of
owning plus using a low capacity printer, both printer types cap-
ture a significant portion of the market, so the owners are better
able to match supply with demand without the platform, leading
to less trading and a lower platform profit. So the relation between
the platform’s profit and the owning plus using cost is not mono-

tone. Fig. 7(d) shows that the total welfare SW sc strictly decreases
with the owning plus using cost, as one would expect. This im-
plies that governments should focus on encouraging technological
progress to lower the printers’ prices in order to improve the out-
come for the industry. Note that the upper and lower bounds for
the owning plus using cost of the low capacity printer considered
are subject to the conditions Oy > §; > 0 and ky > k;, respectively.

We also tested our model for the case at a lower system uti-
lization rate (e.g., p(p) < 0.8), and the results are similar to those
reported in Fig. 7 as the trends remain the same.

5.3. A special case: only high capacity printer owners are allowed to
offer their spare capacity

In the above analysis, we consider that the shared capacity may
come from the owner that purchases either a low or high capac-
ity printer with excess capacity. However, in real life, the platform
may try to increase its service level by only allowing the owner
of a high capacity printer to provide its spare capacity for rent-
ing. In this subsection we consider such a case where the user
that purchases a printer has two options: purchase a low capacity
printer and rent additional capacity (LR) or purchase a high capac-
ity printer and own excess capacity (HO). Thus, we assume that no
owner of a low capacity printer can be a supplier, i.e., éi* -8=0.

We obtain two analytical findings regarding the ownership level
under this scenario, summarized in Proposition 3-4 (we give the
detailed analyses in Appendices A3-A4, respectively).

Proposition 3. Given the assumption 67 —8 =0, we have 07 —
12 <0.

Similar to the results obtained in Sections 4.1 and 5.1, the frac-
tion of consumers that opt to become an owner (ownership) is
higher than 50%.

Proposition 4. Given the assumption 0; — 8§ = 0, we have 0}, — § <
1-6;.
H
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chain welfare (SFW sc)-

Proposition 4 indicates that the fraction of owners that opt for
purchasing a high capacity printer is higher than that opt for pur-
chasing a low capacity printer. This implies that if only the owner
of a high capacity printer can act as an applier, then peer-to-
peer sharing leads to a higher adoption level of the high capacity
printer.

6. Alternative scenarios

In this section we analyze and discuss several alternative mod-
elling assumptions. In Section 6.1, we extend the basic model to
a multi-period setting. After that, in Section 6.2, we explore the
effect of the maximum printer capacity of printer L. Finally, in
Section 6.3, we explore the effect of impatient customers.

6.1. Multi-period users and platform decisions

In the base case, we consider a single-period model. In this sec-
tion, we extend the model to a multi-period setting where the spe-
cific market characteristics are time-based and so affect the match-
ing of demand and supply. Users and platform make their deci-
sions at the beginning of each period to maximize their own profit
for that period.

We assume that the market characteristics keep the same dur-
ing period i, i=1,2,...n, and define the set of market characteris-
tics for its next period i+ 1 as Qi1 = {biy1, Tiy1, @iy1. kiy1). By
applying the basic model using the updated values of these pa-
rameters, it is straightforward to obtain an adjusted equilibrium of
the system for period i+ 1, i.e., ®* = {9_,-+1, pi,q}, and the corre-
sponding waiting time w;, (pf, 1) Recall that in the basic model
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the users renting and owning decision in equilibrium is 6 and we
define 6; = 0 as the equilibrium for period i, then we have:

(i) if 6;,1 <6;, which implies that more users opt for becom-
ing an owner compared with that of period i, then the previous
renters with usage level of 6 € (8;,1, 6;) would switch to become
an owner and purchase a printer at the beginning of period i+ 1.

(ii) if 6,1 > 6;, which implies the previous owners with usage
level of 8 € (6;, 6;,7) would sell their printer and switch to be-
come a renter. At the beginning of period i+ 1, the printer can be
sold in a secondary used goods market and therefore the owner
can receive some salvage value and switch to become a renter. We
assume that the platform has complete information towards the
printers ownership since period 0. Thus, in period i+ 1, for the
renters (who used to be owner) 6  (6;, 6;,1), let k; the owning
plus using cost for the printers purchased in period j, j =1, 2, ...
i, n; the portion of the printers with cost of k;, t; =i+1—j the
periods that has been used for the printers with the cost of k;.
Under such case, the utility/profit for the renters of 6 e (6;, 9_,-+1)
subject to Ug(0) = [bix1 — Pix1 — Tix1Wi1 (Pis1)10 +E(r)), where
E(r;) refers to the expected salvage value gained for the renters,
and r; = kje(t;) refers to the salvage value of the printer k;. De-
noting the salvage value in period i+ 1 of the printer purchased in
period j by e(t;), where 0 < &(tj) < 1, decreases with t;, the ex-
pected salvage value gained for the owners who switch to renters

1
in period i 4 1 can be expressed as E(r;) = Y k;jn;e(t)).
j=1
6.2. Effect of the maximum printer capacity of printer L

In the above analysis, we assume that the owning plus using
cost of printer L (with lower printing capacity), k;, is exogenously
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Fig. 8. Effects of the maximum printer capacity of low capacity printer 8 on the proportions of consumers opting for printer i(i = L, H), demand rate %, platform profit #,

and supply chain welfare SVVSC.

given. In this section, we consider an endogenously determined
owning plus using cost of printer L by considering such cost in-
creases linearly with its maximum capacity. Recall that the maxi-
mum printing capacity of printer L is §, and denoting the expected
owning plus using cost per unit capacity as x, so the total expected
owning plus using cost for printer L is k; = §x. Similar to the anal-
ysis for an exogenously owning plus using cost in Section 5.1, we
obtain the respective utility/profit functions as

Ung = (b—p—tw(p))b,

Upo=b0 + (8 -0)p(P)(1 — )P - éx,

Ug = b — (p+Tw(p)) (@ — §) — 6x, and

Uo = b6 + (1 - 0)p(H)(1 — 9)p — k.

The optimization process is similar to that solving the maxi-
mization problem of (17) in Section 5.1, and so we directly present
the sensitivity result respect to §, as shown in Fig. 8. Note that
since § ~ 0.51, k; = 0.46(as discussed in Section 5.2), we estimate
the expected owning plus using cost per unit capacity as x =
0.46/0.51 ~ 0.9.

From Fig. 8(a), we observe that the ownership of the high

capacity 3D printer § rapidly decreases with the maximum
printer capacity of the low capacity printer, so more users opt
for renting capacity from the platform, especially for the heavy

users ;. Figures 8(b)-(c) are in line with the results given in
Section 5.2 that it is beneficial for the platform if the high capacity
printer dominates the market, where we treat the owning plus us-
ing cost of the low capacity printer as given. Moreover, Fig. 8(d)
shows that the supply chain welfare increases with the maxi-
mum printer capacity of the low capacity printer through the in-
creased competition between two types of printers, which appears
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as a win-win solution for the platform profit and supply chain
outputs.

6.3. Effect of impatient customers

In the basic model we assume that the customer waiting
cost increases linearly with the waiting time. Alternatively, re-
flecting that customers may grow increasingly impatient as they
wait longer, it is interesting to consider another relation, e.g., a
quadratic relation between the waiting for cost and waiting time.
We do so in this extension where we assume that the cost of wait-
ing time is quadratic, so the renter’s utility/profit function is

[b—p+ (T -wE)’]e.

The analysis is similar to that of the linear cost case in the main
text, so we present it as concisely as possible.

Using (1) and (21), we derive the value of the preference é(p)
at which the users are indifferent between becoming a renter and
an owner as

k—(1-¢)pp(p)

6(p) = .
(P) pl1-(1-9)p(D1+(T-w(p) )
Although the analysis is not tractable, we numerically explore

the effects of changing from a linear to a quadratic waiting cost on
the optimal price. Tables 3-4 show the (numerical) results for the
settings used in the main text and listed in Table 2. Table 3 shows
the effects of different fixed costs on the optimal prices, from
which we find that a higher optimal price should be set for the
considered setting of a quadratic waiting cost. This is related to
the increased customer impatience under a quadratic waiting cost.
In terms of the effects of different unit waiting costs, we find a

(21)
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Optimal prices for different fixed costs per time unit.

Fixed cost for owning plus using a 3D printe

T

Linear waiting cost ~ Quadratic waiting cost

0.5
1
1.5
2

1.73 1.8

2.99 3.21
4.14 4.58
523 5.89

Table 4
Optimal prices for different unit waiting costs per time unit.

Unit waiting cost  Linear waiting cost  Quadratic waiting cost

125 4.33 5.15
25 5.18 6.43
375 5.77 7.20
50 6.24 6.08

similar result from Table 4, namely that a quadratic waiting cost
leads to a higher optimal price, except for the setting of a very
high unit waiting cost. Indeed, a very high unit waiting cost leads
to very few renters on the platform, and so a lower price to keep
enough renters interested. Moreover, the effects of the unit wait-
ing cost are much more pronounced than those for the fixed cost
of owning plus using a 3D printer.

7. Conclusions

Motivated by the taking off and increasing popularity of 3DP
technology, we conduct this study to explore how the 3DP plat-
form should determine the optimal price of per unit printing ca-
pacity, which plays the role of re-allocating printing capacity in
the market. Note that the platform is considered as a price setter
with a dominant position in the industry, as this study mainly fo-
cuses on the relationship between users and platform, rather than
the relationship between platforms. Our study provides general in-
sights into the decision-making of the platform and its users in
the peer-to-peer market. The model can be re-applied over time
to capture dynamics of the decision-making situation. By adopt-
ing real-world data, we numerically explore the effects of pricing
on matching supply with demand, and derive the optimal price of
the spare capacity to maximize the platform’s profit. We also study
the welfare of the entire 3DP supply chain comprising the platform
and users.

We first consider a 3DP platform that provides printing ser-
vices with one type of printer. The key findings are as follows. For
platform managers, neglecting the pricing decision for the shared
capacity can result in inferior matching, resulting in a consider-
able loss of profit. Specifically, setting too high a price for the
shared capacity leads to very few renters on the platform, while
setting too low a price of the shared capacity leads to a lack of
owners. The platform’s optimal price increases both in the owning
cost and in the unit customer waiting cost unless the unit waiting
cost is higher than a certain value. Moreover, the platform is more
profitable if the fixed cost of owning plus using a 3D printer is
high. From the social welfare perspective, governments should ex-
ercise interventions to encourage technological progress to lower
the printers’ prices to improve the well-being of the industry.

We also consider heterogeneity of the available printers by con-
sidering two printer types that differ in cost and capacity. A key
finding is that it is better if the high capacity printer dominates the
market from the platform’s perspective. In such a situation, there
is a considerable mismatch between owned and required capacity
for many users, which leads to more trading and a higher platform
profit. On the contrary, if both printer types occupy a considerable
market share, the owned and required capacity are better matched,
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which leads to less platform trading and a lower platform profit.
Moreover, a higher cost of owning a low capacity printer does al-
ways increase the total supply chain welfare.

There are several limitations of our research and findings, which
offer opportunities for further research. First, we only focus on the
waiting cost caused by matching friction between the supply and
demand for 3DP services on the platform, whereas the 3D printer
owners may not meet all the customers’ printing requirements be-
cause of the risks of equipment damage, time conflicts etc. Besides,
we assume that no waiting is needed for the owners as we ignore
the uncertainty of internal demand. Future research could explore
the stochasticity issue on other aspects, e.g., printing cost, in-house
waiting cost, effect of seasonal demand on usage level etc. In addi-
tion, we consider a uniform density function of the usage distribu-
tion. Future research may consider the effect of different demand
distributions on the optimal price.

Second, we ignore competition while focusing on consumers’
purchasing and renting decision-making on a single platform. If
more platforms or conventional manufacturing compete in the
market, then the platforms’ decision-making would certainly be af-
fected. Future research could take competition into account.

Third, we assume that the customer waiting cost is constant,
whereas it could vary in real life as customers may become in-
creasingly impatient as waiting times get longer. Moreover, cus-
tomers may be risk seeking or risk averse towards waiting time
uncertainty. So, future research could explore the effects of impa-
tient customers and customer risk preferences on the platform’s
pricing and fee decisions.

Fourth, our analysis in the basic model is static, e.g., we con-
sider an exogenous number of consumers in each period, but in
real life the number of consumers assigned to a 3DP platform may
depend on the price of the hardware, government subsidies, tech-
nology development, and promotional activities from other com-
peting platforms. One could perform a dynamic analysis incorpo-
rates more 3DP characteristics over multiple periods to study the
adoption trajectories of 3DP technology.

Fifth, we assume a constant price per unit of capacity, but in
real life other factors may affect the price, e.g., platform’s incen-
tives like quantity discounts. One could consider a broader picture
to study the effects of different pricing strategies.

Finally, we focused on addressing the pricing issue of the 3DP
capacity sharing platform in this study. However, there are other
types of 3DP platform that adopt different modes of operation,
e.g., some platforms have their own production systems supported
by their own printers and factories. Future research may consider
such platforms.
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Appendix
Al. Proof of Proposition 1

Substituting (10)-(11) into p(p) = A(p)/u(p) and, given p(p) <
1 or, equivalently, A(p) ,u(p) < 0, we obtain

w(p) —u(p) = 18° — (P2 _G(p)+ 1 =0(p) -} <0,
which yields 6(p) <0.5. Moreover, combining this with the
assumption that a user’s usage level 0 is uniformly distributed
between 0 and 1, which is equivalent to 6(p) € (0, 1), we obtain
that the fraction of consumers that opt for becoming a renter is
6(p) € (0, 0.5). Given that the other consumers opt for becoming
an owner, we find that the ownership of the sharing system is
higher than 0.5.

A2. Proof of Proposition 2

Using (16) and given that p(p) <1 or, equivalently, A(p) —
n(p) <0, we obtaln _ »

Mm—mm—— i—%%+——
( X 9M9L+ +3 -0+ H)_9L9M+9H(1_9M)_’ <0,
which yields OLOM + 0y (1 — By) < 0.5. Moreover, since Oy > 6 > 0,
we have 6] < 6,6y +6y(1 —6)) < 0.5. Moreover, combining this
with the assumption that a user’s usage level 6 is uniformly
distributed between 0 and 1, which is equivalent to ] e (0, 1),
we obtain that the fraction of consumers that opt for becoming
a renter is 0; (0, 0.5). Given that the other consumers opt for
becoming an owner, we find that the ownership of the sharing
system is higher than 0.5.

A3. Proof of Proposition 3

Using the result in Proposition 2, we have QLBM + GH(l —0y) <
0.5. When 6y, =8 =6, the result 6,0y + 041 —0y) <0.5 still
holds, yielding &, < 0.5.

A4. Proof of Proposition 4

VB e B i
S = Oty + M and p(p) =Y -

——9H+ ,letting 6, =a,8 -0, =b, ;-8 =¢, and
d, and using (16)-(17), we have A(p) = % uwp) =
S % = @;Igé Since 3(p) < 1, we have b? + d? >
a? +¢?, which gives d + (b —a) 22 > ¢. Furthermore, since b +
a=4,c+d=1-4,andd <1, we have (b—a)d > (¢ —d)(1-9).
Moreover, since 6} —§ =0, we have b = 0, which gives 0 > —ad >
(¢ —d)(1-26), so ¢ < d. Thus, we have Gy — 8 <1 — 6.

Recallmg that A(p) =5

QMQL +
1- 9H =
b?4d?

,and p =

References

3D Hubs. (2020). 3D printing trends 2020 report https://www.3dhubs.com/get/
trends/.

ANIWAA  (2021a).  (13:italic  )https://www.aniwaa.com/product/3d-printers/
markforged-mark-two/(/13:italic)

ANIWAA  (2021b).  (13:italic  )https://www.aniwaa.com/product/3d-printers/

markforged-onyx-pro/(/13:italic)

Atzeni, E., & Salmi, A. (2012). Economics of additive manufacturing for end-us-
able metal parts. International Journal of Advanced Manufacturing Technology, 62,
1147-1155.

Bai, J., So, K. C,, Tang, C. S., Chen, X. M., & Wang, H. (2018). Coordinating supply and
demand on an on-demand service platform with impatient customers. Manu-
facturing & Service Operations Management, 20, 41-52.

Baumers, M., Dickens, P., Tuck, C., & Hague, R. (2016). The cost of additive manufac-
turing: Machine productivity, economies of scale and technology-push. Techno-
logical Forecasting and Social Change, 102, 193-201.

Benjaafar, S., Kong, G., Li, X., & Courcoubetis, C. (2018). Peer-to-peer product sharing:
Implications for ownership, usage, and social welfare in the sharing economy.
Management Science, 65(2), 477-493.

1204

European Journal of Operational Research 307 (2023) 1192-1205

Chan, A. T. L, Ngai, E. W. T, & Moon, K. K. L. (2017). The effects of strate-
gic and manufacturing flexibilities and supply chain agility on firm perfor-
mance in the fashion industry. European Journal of Operational Research, 259(2),
486-499.

Chen, J., & Bell, P. C. (2011). Coordinating a decentralized supply chain with cus-
tomer returns and price-dependent stochastic demand using a buyback policy.
European Journal of Operational Research, 212(2), 293-300.

Chen, J., Liang, L., Yao, D., & Sun, S. (2017). Price and quality decisions in du-
al-channel supply chains. European Journal of Operational Research, 259(3),
935-948.

Chen, L, Cui, Y, & Lee, H. L. (2021). Retailing with 3D printing. Production and
Operations Management Forthcoming. Available at:. https://doi.org/10.1111/poms.
13367.

Chen, Y. C, Fang, S., & Wen, U. (2013). Pricing policies for substitutable products
in a supply chain with Internet and traditional channels. European Journal of
Operational Research, 224(3), 542-551.

Choi, T. M., Guo, S., Liu, N.,, & Shi, X. (2020). Optimal pricing in on-demand-
service-platform-operations with hired agents and risk-sensitive customers in
the blockchain era. European Journal of Operational Research In press. Available
at:. https://doi.org/10.1016/j.ejor.2020.01.049.

Conner, B. P., Manogharan, G. P,, Martof, A. N., Rodomsky, L. M., Rodomsky, C. M.,
Jordan, D. C,, & Limperos, J. W. (2014). Making sense of 3-D printing: Creating
a map of additive manufacturing products and services. Additive Manufacturing,
1, 64-76.

Dalenogare, L. S., Benitez, G. B., Ayala, N. F,, & Frank, A. G. (2018). The expected con-
tribution of Industry 4.0 technologies for industrial performance. International
Journal of Production Economics, 204, 383-394.

Dilberoglu, U. M., Gharehpapagh, B., Yaman, U.,, & Dolen, M. (2017). The role of
additive manufacturing in the era of Industry 4.0. Procedia Manufacturing, 11,
545-554.

Dobson, G., & Yano, C. A. (2009). Product offering, pricing, and make-to-s-
tock/make-to-order decisions with shared capacity. Production and Operations
Management, 11(3), 293-312.

Durdo, L. E C. S., Christ, A., Anderl, R., Schiitzer, K., & Zancul, E. (2016). Distributed
manufacturing of spare parts based on additive manufacturing: Use cases and
technical aspects. Procedia CIRP, 57, 704-709.

Feng, G., Kong, G., & Wang, Z. (2020). We are on the way: Analysis of on-demand
ride-hailing systems. Manufacturing & Service Operations Management Articles in
advance.

Fraiberger, S.P.,, & Sundararajan, A. (2015). Peer-to-peer rental markets in the sharing
economy. SSRN. http://dx.doi.org/10.2139/ssrn.2574337

Gebler, M., Schoot Uiterkamp, A. ]. M., & Visser, C. (2014). A global sustainability
perspective on 3D printing technologies. Energy Policy, 74, 158-167.

Golmohammadi, A., & Hassini, E. (2019). Capacity, pricing and production under
supply and demand uncertainties with an application in agriculture. European
Journal of Operational Research, 275, 1037-1049.

Hedenstierna, C. P. T.,, Disney, S. M., Eyers, D. R., Holmstrom, J., Syntetos, A. A., &
Wang, X. (2019). Economies of collaboration in build-to-model operations. Jour-
nal of Operations Management, 65(8), 753-773.

Holmstrém, J., Partanen, J., Tuomi, J., & Walter, M. (2010). Rapid manufacturing in
the spare parts supply chain: Alternative approaches to capacity deployment.
Journal of Manufacturing Technology Management, 21(6), 687-697.

Hopkinson, N., Hague, R., & Dickens, P. (2006). Rapid manufacturing: An industrial
revolution for the digital age. New York: John Wiley & Sons.

Huang, S. H., Liu, P, Mokasdar, A., & Hou, L. (2013). Additive manufacturing and its
societal impact: A literature review. International Journal of Advanced Manufac-
turing Technology, 67(5-8), 1191-1203.

Jiang, B., & Tian, L. (2018). The strategic and economic implications of consumer-to-
consumer product sharing. Sharing economy. Cham: Springer.

Khan, 0., & Mohr, S. (2015). 3D printing and its disruptive impacts on supply chains
of the future. Technology Innovation Management Review, 5(11), 20-25.

Lee, C, & Ward, A. R. (2019). Pricing and capacity sizing of a service facility:
Customer abandonment effects. Production and Operations Management, 28(8),
2031-2043.

Li, Y, Ding, R, Cui, L., Lei, Z, & Mou, J. (2019). The impact of sharing economy
practices on sustainability performance in the Chinese construction industry.
Resources, Conservation and Recycling, 150, Article 104409.

Madsen, E. S., Bilberg, A., & Hansen, D. G. (2016). Industry 4.0 and digitalization call
for vocational skills, applied industrial engineering, and less for pure academics.
In Proceedings of the 5th P&OM World Conference P&OM.

Nourinejad, M., & Ramezani, M. (2019). Ride-sourcing modeling and pricing in
non-equilibrium two-sided markets. Transportation Research Part B: Methodolog-
ical, 132, 340-357.

Olsen, T. L., & Tomlin, B. (2020). Industry 4.0: Opportunities and challenges for op-
erations management. Manufacturing & Service Operations Management, 22(1),
113-122.

Rogers, H., Baricz, N., & Pawar, K. S. (2016). 3D printing services: Classification, sup-
ply chain implications and research agenda. International Journal of Physical Dis-
tribution and Logistics Management, 46, 886-907.

Sasson, A., & Johnson, J. C. (2016). The 3D printing order: Variability, supercenters
and supply chain reconfigurations. International Journal of Physical Distribution
and Logistics Management, 46, 82-94.

Schniederjans, D. G. (2017). Adoption of 3D-printing technologies in manufacturing:
A survey analysis. International Journal of Production Economics, 183, 287-298.

Sculpteo. (2020). The state of 3D printing report: 2020. Available at: https://www.
sculpteo.com/en/ebooks/state-of-3d- printing-report-2020/


https://www.3dhubs.com/get/trends/
https://www.aniwaa.com/product/3d-printers/markforged-mark-two/
https://www.aniwaa.com/product/3d-printers/markforged-onyx-pro/
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0004
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0005
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0006
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0008
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0010
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0011
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0012
https://doi.org/10.1111/poms.13367
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0014
https://doi.org/10.1016/j.ejor.2020.01.049
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0017
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0018
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0019
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0020
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0022
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0025
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0027
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0028
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0029
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0031
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0032
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0033
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0035
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0040
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0041
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0046
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0050
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0051
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0054
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0056
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0057
https://www.sculpteo.com/en/ebooks/state-of-3d-printing-report-2020/

L. Sun, G. Hua, T.CE. Cheng et al.

Sethuraman, N., Parlakturk, A.K, & Swaminathan, J.M. (2018). Personal fabrication
as an operational strategy: Value of delegating production to customer. SSRN.
Available at: http://dx.doi.org/10.2139/ssrn.3170011

Sun, L., Hua, G., Cheng, T. C. E., & Wang, Y. (2020a). How to price 3D-printed prod-
ucts? Pricing strategy for 3D printing platforms. International Journal of Produc-
tion Economics, 226, Article 107600.

Sun, L., Teunter, R. H., Babai, M. Z., & Hua, G. (2019). Optimal pricing for ride-sourc-
ing platforms. European Journal of Operational Research, 278(3), 783-795.

Sun, L., Teunter, R. H., Hua, G., & Wu, T. (2020c). Taxi-hailing platforms: Inform or
assign drivers? Transportation Research Part B: Methodological, 142, 197-212.
Sun, L, Wang, Y., Hua, G., Cheng, T. C. E., & Dong, ]. (2020b). Virgin or recycled?
Optimal pricing of 3D printing platform and material suppliers in a closed-loop
competitive circular supply chain. Resources, Conservation and Recycling, 162, Ar-

ticle 105035.

Taylor, T. (2018). On-demand service platforms. Manufacturing & Service Operations
Management, 20(4), 704-720.

Thomas, D. (2016). Costs, benefits, and adoption of additive manufacturing: A supply
chain perspective. The International Journal of Advanced Manufacturing Technol-
ogy, 85(5-8), 1857-1876.

Ultimaker (2019). 3D printing: The total cost of ownership. https://3d.ultimaker.com/
total- cost-of-ownership-white- paper

1205

European Journal of Operational Research 307 (2023) 1192-1205

Wang, X, Liu, W,, Yang, H., Wang, D., & Ye, J. (2020). Customer behavioural mod-
elling of order cancellation in coupled ride-sourcing and taxi markets. Trans-
portation Research Part B: Methodological, 132, 358-378.

Weller, C., Kleer, R., & Piller, F. T. (2015). Economic implications of 3D printing: Mar-
ket structure models in light of additive manufacturing revisited. International
Journal of Production Economics, 164, 43-56.

Westerweel, B., Basten, R. ]. I, Boer, ]. D., & Houtum, G. (2020). Printing spare parts
at remote locations: Fulfilling the promise of additive manufacturing. Production
and Operations Management Forthcoming. Available at:. https://doi.org/10.1111/
poms.13298.

Westerweel, B., Basten, R. ]. ., & Houtum, G. (2018). Traditional or additive manu-
facturing? Assessing component design options through lifecycle cost analysis.
European Journal of Operational Research, 270(2), 570-585.

Westerweel, B., Song, ., & Basten, R. ]. . (2019). 3D printing of spare parts via IP
license contracts. SSRN. https://ssrn.com/abstract=3372268.

Yang, H. Qin, X, Ke, ], & Ye, ]. (2020). Optimizing matching time interval and
matching radius in on-demand ride-sourcing markets. Transportation Research
Part B: Methodological, 131, 84-105.

Yao, Y., Ergun, 0., & Johnson, E. (2007). Integrated model for the dynamic on-de-
mand air transportation operations. Operations Research, 38, 95-111.


http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0061
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0062
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0063
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0064
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0065
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0066
https://3d.ultimaker.com/total-cost-of-ownership-white-paper
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0070
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0071
https://doi.org/10.1111/poms.13298
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0073
https://ssrn.com/abstract=3372268
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0077
http://refhub.elsevier.com/S0377-2217(22)00768-8/sbref0078

	Purchase or rent? Optimal pricing for 3D printing capacity sharing platforms
	1 Introduction
	2 Literature Review
	2.1 Impact of 3DP on manufacturing firms
	2.2 Matching and pricing issues of peer-to-peer sharing platforms
	2.3 Contributions

	3 Basic model
	3.1 Owning versus renting
	3.2 Matching supply and demand
	3.3 The objective of the platform
	3.4 Welfare of the supply chain

	4 Price optimization analysis
	4.1 Consumers’ purchase decisions and platform’s optimal price
	4.2 Numerical studies

	5 Two types of 3D printers
	5.1 Consumers’ purchase decisions and platform’s optimal price
	5.2 Numerical studies
	5.3 A special case: only high capacity printer owners are allowed to offer their spare capacity

	6 Alternative scenarios
	6.1 Multi-period users and platform decisions
	6.2 Effect of the maximum printer capacity of printer 
	6.3 Effect of impatient customers

	7 Conclusions
	Acknowledgements
	Appendix
	A1. Proof of Proposition 1
	A2. Proof of Proposition 2
	A3. Proof of Proposition 3
	A4. Proof of Proposition 4

	References


