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Why Do We Need New RP Materials?

Rapid prototyping (RP) has become a widely used tool for

the fabrication and evaluation of physical prototypes during

the product development cycle. RP is used since it can

produce prototypes with arbitrary shapes quickly and at a

lower cost than traditional prototyping techniques. Recently

RP has also been investigated regarding its ability to replace

traditional mass manufacturing processes in applications

where only one or a small number of individually shaped

parts is required. Recently, Mühlhaupt and coworkers[1] pres-

ented a novel class of materials for RP and the following text

will try to emphasize the importance of material develop-

ments for future applications of RP technologies.

Regarding the type of applications for which the RP

models are used, the following groups of prototypes can be

distinguished:

iii) Visual aids, which serve for visualizing design

concepts and evaluate the ergonomics of a prototype.

iii) Concept models that provide a certain functionality and

are accurate enough to test whether individual parts fit

properly within an assembly.

iii) Master patterns for tooling and molding processes.

iv) Functional parts that can be used to evaluate the func-

tionality of certain parts before they are mass fabricat-

ed. Functional models need to fulfill high requirements

regarding material quality and shape accuracy.

iv) Customized products, which are tailored according to

specific requirements of the customer. Customized

products are usually made in quantities between one

and ten. Applications are mostly in the field of

biomedicine, where individual shapes according to a

patient’s requirements have to be manufactured.

The field of visual aids, concept models, and master

patterns is traditionally the ‘home-ground’ of RPs. Most RP

processes are optimized for fabricating such prototypes.

Since the market for classical prototyping services is

saturated and prices for parts offered by RP service bureaus

have fallen constantly,[2] the future growth of the RP

industry will take place on two levels:

i) Low-cost three-dimensional (3D) printers for design

bureaus and engineering departments in small and

medium-sized companies. These low-cost 3D printers
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will probably rely heavily on components that are

currently used in consumer electronics (e.g., inkjet heads

from printers or digital mirror devices that are currently

used in video beamers).

ii) High-end applications where parts with excellent

accuracy and/or feature resolution are required. In many

cases the materials that these parts are made of have to

fulfill specific functional and structural properties.

In Figure 1 most commercially available RP processes

are depicted, categorized by the base material which is used

(liquid, powder, etc.). It can be expected that the technology

for the low-cost sector will be focused around the ink-jet-

based processes (3D printing, multi-jet modeling, poly-jet,

etc.) since these systems are mainly based on cheap

components that are used in many other consumer-oriented

applications. Current system prices for these technologies

range between s25 000 and 50 000 for the simplest

machine types.

The high-end applications will probably continue to rely

on lithographic techniques, since stereolithography has a

good track record regarding surface quality and shape

accuracy. By number of installed systems, stereolithogra-

phy, with a 40% share, is still the dominating technique[2]

and recent advances in materials developments[3,4] have

shown that functional materials can be shaped with litho-

graphic techniques. One of the main advantages of

lithographic techniques is their unrivaled feature resolution.

Commercially available systems allow the fabrication of

parts with minimum wall thicknesses of around 100 mm and

feature resolution of around 20 mm. An example of a

cellular structure with minimum strut diameter of 200 mm is

shown in Figure 2.

Mühlhaupt and coworkers[1] present a new class of

materials for 3D printing (3DP). 3DP is an ink-jet-based

technology that offers a number of advantages: 1) It is cur-

rently the fastest RP process. Through the use of com-

mercial ink-jet heads and the development of appropriate

binder systems, 3DP systems allow high build speeds that

are more or less independent of shape complexity and part
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Figure 1. Classification of RP processes.

Figure 2. Cellular structures made of photopolymerizable
polymers.
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size. 2) 3DP systems are cheap since key components of

these systems are also used in large-volume products like

ink-jet printers. 3) 3DP is currently the only RP process that

allows the fabrication of fully colored models.

Up to now 3DP has also suffered from a number of

drawbacks: 1) After the build process is complete, the part

has to be removed from the powder bed. During this process

fragile features of the parts might break off. 2) Without

infiltration, 3DP parts are mechanically weak and their use

as functional parts is limited. 3) Because of the use of

powders, the surfaces of 3DP parts are fairly rough. The first

and second drawbacks can potentially be eliminated by

using polymer ionomers presented in ref.[1]

One of the major drawbacks of RP is that only a selected

range of materials can be processed directly. In particular, in

the field of biomedical applications post-treatment pro-

cesses or molding techniques have to be used to obtain

biocompatible and/or biodegradable parts. A fairly large

number of biomaterials, e.g., bioceramics, biodegradable

polymers, or silicones, are accessible by molding techni-

ques (see, for example, ref.[5,6]). But from a practical point

of view, direct methods are preferred. Direct printing of

biopolymers and biocomposites has been achieved by using

fused deposition modeling,[7] by 3D printing,[8,9] and by

stereolithography.[10,11] Biopolymers which can be pro-

cessed by these techniques are mostly based on poly-

(propylene fumarate), block copolymers of oligo ethylene

glycol with lactic acid, or polycaprolactone.[12–14] There-

fore, there is a strong demand for alternatives that can be

processed easily. Mühlhaupt and coworkers[1] have recently

shown that polymer ionomers are a promising class of

materials that can be printed directly without the need of

post-treatment processes.

Chemistry and Material Properties of
Zinc Ionomers

The concept of polyelectrolyte cements was developed in

1963, which led to the first application of zinc polycarbox-

ylate cements as dental filling materials.[15] This combina-

tion belongs to the class of materials known as acid–base

reaction cements. The constituents are poly(acrylic acid)

(PAA) and a deactivated zinc oxide powder. For deactiva-

tion ZnO is mixed with small amounts of magnesium oxide

and fused at ca. 1 200 8C. By this pre-treatment, evaporation

of oxygen gives a non-stoichiometric material ZnO(1� x)

where x is less than or equal to 70 ppm.[16] This and the

addition of magnesium oxide reduces the reactivity towards

the acid and, therefore, adjusts the setting time. The zinc

ions released from the ZnO particles crosslink the PAA

chains and effectively render them insoluble.

ZnO þ 2ð�CH2�CHðCOOHÞ�Þ
! ð�CH2�CHðCOOHÞ�Þ2Zn þ H2O

Crosslinking was reported to take place via a sort of

‘‘bridge’’betweenthedivalentzinccationandthehydrophilic

functional groups on the polymeric chain,[17] see Figure 3.

The set cement consists of unreacted metal oxide

particles embedded in a zinc polyacrylate matrix. It should

be noted that inclusion of magnesium oxide in the cement

powder increases the water sensitivity of the materials

because of non-specific binding.[18]

Low molecular weight and narrow distribution in the

PAA is important to avoid ‘‘cob-webbing’’ in the cement

mix.[19] The zinc–PAA cement is reasonable brittle, though

it shows some plasticity for some time after formation.[20] It

behaves in many ways like thermoplastic composites, as the

chain length of the PAA had significant influence over the

fracture properties[21] and Young’s modulus. Typical

compressive strength is in the order of 80–100 MPa for a

mixture consisting of three parts of a 40 wt.-% aqueous PPA

and one part of metal oxide powder, which sets within 2–

4 min.[20] The maximum strength is usually achieved after

one week. The final porosity can be tuned by the chemical

composition of the composite. A ZnO/PAA ratio of 0.6

resulted in minimal porosity.[22] Besides good physical

properties, such formulations also have good adhesion

properties, e.g., to tooth tissues where Ca2þ could also
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Figure 3. Possible modes of bonding of Zn2þ to carboxylate groups in zinc
polycarboxylate cements: a) ionic, b) chelating bidentate, c) asymmetric unidentate,
d) bridging bidentate, and e) chelate bidentate (eight-membered ring) (after Nicholson
et al.[17]).
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interact with the PAA chain. It should be noted that zinc ions

are more strongly bound to polyacids as they have a smaller

radius and greater electronegativity than calcium ions.

The zinc–PAA cements can be considered as good bio-

materials because they are characterized by low toxicity.

Zinc is fundamental for cell growth, development, and

differentiation.[23] It is also known to assist in the preven-

tion of bacterial infection[24] and to support wound healing.

Further developments were targeted towards glass–

ionomer cements, because dental materials from zinc and

other metal oxide cements were opaque and unaesthetic.

Several excellent overviews have been published recent-

ly.[25–27] The first practical glass–ionomer cements were

introduced in 1972. Important factors are the Al2O3/SiO2

ratio[28] and the application of tartaric acid to improve the

setting properties.[29] The organic polymer consists of PAA

or copolymers with itaconic acid. Poly(vinyl phosponic

acid)[30] or N-acryloyl-substituted amino acids[31] were

described as suitable alternatives.

Future aspects of 3D printing using polymer ionomers

might be seen in the application of glass ionomers for

medical applications, since a further increase in strength

and stiffness can be expected from such developments.[25]

Dual cure systems utilizing photopolymerizable mono-

mers, e.g., hydroxyethyl methacrylate (HEMA), 2,2-bis[4-

(2-hydroxy-3-methacryloxyprop-1-oxy)-phenyl]propane

(Bis-GMA), or triethylene glycol dimethacrylate

(TEGDMA) in resin-modified glass ionomers[25] can

further improve and tune the mechanical properties towards

the desired application. In addition, this concept may open

the ability for 3D tuning of the material properties by

selective irradiation of the composite material.
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Mater. Eng. 2005, 290, 99.

[2] T. Wohlers, ‘‘Rapid Prototyping, Tooling and Manufactur-
ing–State of the Industry’’, Wohlers Associates Inc., Fort
Collins, USA 2003.

[3] M. Mizutani, T. Matsuda, J. Biomed. Mater. Res. 2002, 62,
387.

[4] K. S. Masters, D. N. Shah, L. A. Leinwand, K. S. Anseth,
Biomaterials 2005, 26, 2517.

[5] R. Liska, F. Schwager, C. Maier, R. Cano-Vives, J. Stampfl,
J. Appl. Polym. Sci. 2005, in press.

[6] T.-M. G. Chu, D. G. Orton, S. J. Hollister, S. E. Feinberg,
J. W. Halloran, Biomaterials 2002, 23, 1283.

[7] D. W. Hutmacher, S. H. Teoh, I. Zein, K. W. Ng, J. T.
Schantz, J. C. Leahy, ASTM Special Technical Publication
2001, 1396, 152.

[8] C. X. F. Lam, X. M. Mo, S. H. Teoh, D. W. Hutmacher, Mater.
Sci. Eng. 2002 , C20, 49.

[9] J. Zeltinger, J. K. Sherwood, D. A. Graham, R. Mueller, L. G.
Griffith, Tissue Eng. 2001, 7, 557.

[10] V. A. Liu, S. N. Bhatia, Biomed. Microdevices 2002, 4, 257.
[11] M. N. Cooke, J. P. Fisher, D. Dean, C. Rimnac, A. G. Mikos,

J. Biomed. Mater. Res., Part B 2003, 64, 65.
[12] D. W. Hutmacher, T. Schantz, I. Zein, K. W. Ng, S. H. Teoh,

K. C. Tan, J. Biomed. Mater. Res. 2001, 55, 203.
[13] T. H. Ang, F. S. A. Sultana, D. W. Hutmacher, Y. S. Wong,

J. Y. H. Fuh, X. M. Mob, H. T. Loh, E. Burdet, S. H. Teoh,
Mater. Sci. Eng. 2002, C20, 3542.

[14] J. K. Sherwood, S. L. Riley, R. Palazzolo, S. C. Brown, D. C.
Monkhouse, M. Coates, L. G. Griffith, L. K. Landeen, A.
Ratcliffe, Biomaterials 2002, 23, 4739.

[15] D. C. Smith, Br. Dent. J. 1967, 123, 540.
[16] N. N. Greenwood, A. Earnshow, ‘‘The Chemistry of the

Elements’’, Pergamon Press, Oxford 1984.
[17] J. W. Nicholson, P. J. Brookman, O. M. Lacy, G. S. Savers,

A. D. Wilson, J. Biomed. Mater. Res. 1988, 22, 623.
[18] A. L. Jacobson, J. Polym. Sci. 1962, 57, 321.
[19] E. J. Elgood, N. S. Heath, B. J. O’Brien, D. H. Solomon,

J. Appl. Polym. Sci. 1964, 8, 881.
[20] J. M. Paddon, A. D. Wilson, J. Dent. 1976, 4, 183.
[21] R. G. Hill, S. A. Labok, J. Mater. Sci. 1991, 26, 67.
[22] D. Padilla, A. Vazquez, D. Vazquez-Polo, D. R. Acosta, V. M.

Castano, J. Mater. Sci. Mater. Med. 1990, 1, 154.
[23] J. Brandao-Neto, V. Stefan, B. B. Mendonca, W. Bloise,

A. V. B. Castro, Nutr. Res. 1995, 15, 335.
[24] W. J. Peters, R. W. Jackson, D. C. Smith, J. Biomed. Mater.

Res. 1974, 8, 53.
[25] S. M. Kenny, M. Buggy, J. Mater. Sci.: Mater. Med. 2003, 14,

923.
[26] D. C. Smith, Biomaterials 1998, 19, 467.
[27] J. W. Nicholson, Int. J. Adhes. Adhes. 1998, 18, 229.
[28] A. D. Wilson, B. E. Kent, J. Appl. Chem. Biotechnol. 1971,

21, 313.
[29] DE 2319715 (1973), Dental Cements. Ger. Offen. invs.:

A. D. Wilson, S. Crisp.
[30] J. Ellis, M. Anstice, Clin. Mater. 1991, 7, 341.
[31] E. C. C. Kao, W. M. Culbertson, X. Dong, Dent. Mater. 1996,

12, 44.

1256 J. Stampfl, R. Liska

Macromol. Chem. Phys. 2005, 206, 1253–1256 www.mcp-journal.de � 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


